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DECLARATION BY DR. TIBOR KELER UNDER 37 CF.R. §1.132 

Dear Sir: 

I, Dr. Tibor Keler, declare the following; 

1 . I am presently Vice President and Chief Scientific Officer of Celldex 
Therapeutics Inc. located in Phillipsburg, New Jersey, the assignee of the above- 
referenced patent application. I received a Ph.D. in microbiology from the University 
of Pennsylvania and completed a Post-Doctoral Fellowship at Fox-Chase Cancer 
Center in Philadelphia, Pennsylvania. My curriculum vilae is attached herewith as 
Appendix A. 

2. I have reviewed claims 94-107 of the above-referenced application, drawn to 
an isolated human monoclonal antibody which binds to human dendritic cells 
comprising specific heavy and light chain CDR sequences, including conservative 
sequence modifications thereof. 

3. I understand that claims 94-1 07 of the above-referenced application have been 
rejected as not being enabled. Specifically, the Examiner asserts that the antibodies of 
these claims are not enabled with respect to "conservative sequence modifications" 
within the CDR regions. 

4. It is my opinion that, prior to the filing date of the present application, it was 
well within the skill of the art to have identified residues critical for binding, 
particularly within relatively short variable and CDR regions, and to have made 
conservative sequence substitutions of these residues. Moreover, the identification of 
critical residues would have required only routine procedures. In particular, the 
various methods and materials that were available, well before the filing date of the 
present application, are evidenced by the enclosed references (discussed in detail 
below). As also evidenced by these references, these methods could be used to 
predictably identify amino acid residues that are critical for antigen binding or are 
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amenable to conservative modifications. Accordingly, the prior knowledge and skill 
in the art, combined with the teachings contained in the present specification, would 
have enabled one skilled in the art to make and use the currently claimed antibodies 
having particular CDR sequences, as well as conservative sequence modifications 
thereof, without undue experimentation. 

5. In particular, Brummell et al ((1993) Biochem. 32:1 180-1 187; enclosed as 
Appendix B) used site-directed mutagenesis to examine the binding site of 
antibodies specific for Salmonella. Specifically, the CDR3 heavy chain domain was 
selected for study and a total of ninety (90) mutants were produced and screened by 
affinity electrophoresis / Western blots. Those of particular interest were further 
characterized by enzyme immunoassay and thermodynamic characterization by 
titration microcalorimetry. Brummell et aL found that antigen binding "was retained 
in a wide range of mutants with only one residue, Gly I02H , being irreplaceable." 

6. Similarly, Kobayashi et al ((1999) Protein Eng. 12(10):879-884), which was 
cited by the Examiner in the Office Action dated November 3, 2004 (and enclosed 
as Appendix C), states that "conservative substitution of Trp H33 by Tyr or Phe 
resulted in [only] moderate losses of binding affinity; however, replacement by Ala 
[/.e, a non-conservative modification] had a significantly larger impact " (Abstract; 
comments in square brackets added). 

7. Burks et aL ((1997) PNAS USA 94:412-417; enclosed as Appendix D) used 
PCR mutagenesis with in vitro transcription/translation and ELISA for the rapid 
generation and characterization of antibody mutants. Specifically, the authors 
analyzed the role and plasticity of six key contact residues in the binding pocket of a 
single chain Fv antibody derived from the anti-digoxin 26-10 murine antibody. A 
total of 1 14 mutant antibodies were produced. Approximately 75% of the single 
amino acid mutants exhibited significant binding to one or more of the digoxin 
analogs, even though non-conservative sequence modifications were permitted. 

8. In conclusion, as shown by the foregoing representative pre-filing 
publications (not to mention many other publications), the knowledge and skill in 
the art, at the time the present application was filed, combined with the teachings 
contained in the present specification, would have enabled one skilled in the art to 
make and use the currently claimed antibodies having particular CDR sequences, as 
well as conservative sequence modifications thereof, without undue 
experimentation. 

9. I have been warned that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under § 1001 of Title 1 8 or the United 
States Code, and that such willful and false statements may jeopardize the validity of 
the subject application or any patent resulting therefrom, and declare that all 
statements made of our own knowledge are true and that all statements made on 
information and belief are believed to be true. y \ } s s~\ 




Tibor Keler, Ph.D. 



Date: 
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Vice President and Chief Scientific Officer, Celldex Therapeutics, Inc. 



EDUCATION/TRAI NING 
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DEGREE 


YEAR(s) 
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Drexel University, Philadelphia, PA 


B.S. 


1982 


Unified Science 


Drexel University, Philadelphia, PA 


M.S. 


1984 


Biology 


University of Pennsylvania, Philadelphia, PA 


Ph.D. 


1989 


Microbiology 



A Positions and Honors 



1989-1992 

1992- 1993 

1993- 1997 

1997- 1998 

1998- 1999 

1999- 2001 
2001-2004 
2004-2005 



Research Training 

1987-1 989 Guest Researcher: National Cancer Institute, National Institutes of Health, 
Bethesda, MD. 

Postdoctoral Associate: Institute for Cancer Research, Fox Chase Cancer 
Center, Philadelphia, PA 

Research Associate: Institute for Cancer Research, Fox Chase Cancer 
Center, Philadelphia, PA 

Principal Scientist, Research & Development, Medarex, Inc., Bloomsbury, NJ. 
Assistant Director, Immunobiology: Medarex, Inc., Bloomsbury, NJ. 
Associate Director, Immunobiology: Medarex, Inc., Annandale NJ. 
Director, Pre-clinical Development: Medarex, Inc. Bloomsbury, NJ. 
Senior Director, Pre-clinical Development: Medarex, Inc. Bloomsbury, NJ. 
Vice President, Research and Development, Celldex Therapeutics, Inc. 
Bloomsbury, NJ 

2006-present Vice President and Chief Scientific Officer, Celldex Therapeutics, Inc. 
Phillipsburg, NJ 

Honors, Scholarships, Fellowships 

1982 Graduated with second honors in Unified Science, Drexel University 

Professional Societies 

American Association of Immunologists 

American Society for Biochemical and Molecular Biology 

American Association for Cancer Research 

American Society for Microbiology 

International Endotoxin Society 

Issued Patents 

Therapeutic multispecific compounds comprised of anti-Fca receptor antibodies; US Patent 
Application 20010014328. 

Cells expressing anti-Fey Receptor binding components; US Patent Application 6682928. 
Human CTLA-4 Antibodies; US Patent 6,984,720. 

B. Peer-Reviewed Publications 

1 . Mochan E,Keler T. Plasmin degradation of cartilage proteoglycan. Biochem Biophys Acta 
1984;800:312-316. 

2. Keler T, Nowotny A. Metachromatic assay for the quantitative determination of bacterial 
endotoxins. Anal Biochem 1986;156:189-192. 



Appendix A 

3. Friedman H, Blanchard DK, Newton C, Klein T, Stewart W, KelerT, et al. Distinct 
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1 1 . Keler T, Barker C, Sorof S. Linoleic acid specifically stimulates the growth of hepatoma 
cell lines transfected with the target protein of a liver carcinogen, in "Eicosanoids and 
Other Bioactive Lipids in Cancer, Inflamation, and Radiation Injury" (Nigam.S., Honn, K.J., 
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438, 1992. 
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15. Graziano RF, Tempest PR, White P, Keler T, Deo Y, Ghebremariam H, et al. Construction 
and characterization of a Humanized Anti-g-lg Receptor Type I (FcyRI) Monoclonal 
Antibody. J. Immunol 1 995; 1 55:4996-5002. 

16. Gorny MK, Keler T, Burda S, Williams C, Gabriel JL, Mitchell WM, et al. Functional studies 
of bispecific antibodies directed against HIV-1 and the Fey receptor type I. Antibiot 
Chemother 1996;48:173-183. 

17. KelerT, Li H, Cloyd M, Vitale L A, Deo YM. Development of T cell lines expressing 
functional HIV-1 envelope glycoproteins for evaluation of immune responses in HIV 
infected persons. J AIDS and Human Retroviruses 1996;1 3:1 17-126. 

18. Wallace PK, KelerT, Coleman K, Fisher J, Vitale L, Graziano RF, etal. Humanized mAb 
H22 binds the human high affinity Fc teceptor for IgG (FcyRI), blocks phagocytosis, and 
modulates receptor expression. J Leukocyte Biol 1997;62:469-479. 
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Probing the Combining Site of an Anti-Carbohydrate Antibody by 
Saturation-Mutagenesis: Role of the Heavy-Chain CDR3 Residues 

David A. Brummell,' Vidhya P. Sharma, Naveen N. Anand,' Doris Bilous, Ginette Dubuc, Joseph Michniewicz, 
C. Roger MacKenzic, Joanna Sadowska, Bent W. SigurskjobU Barbara Sinnott, N. Martin Young* 

David R, Bundle, and Saran A* Narang* 

Institute for Biological Sciences, National Research Council of Canada, Ottawa, Ontario K1A QR6, Canada 

Received July 17 \ 1992; Revised Manuscript Received October 7, 1992 



abstract: The carbohydrate-binding site in Fab fragments of an antibody specific for Salmonella serogroup 
B ^polysaccharide has been probed by site-directed mutagenesis using an Escherichia coll expression 
system. Of the six hypervariable loops, the CDR3 of the heavy chain was selected for exhaustive study 
because of its significant contribution to binding-site topography. A total of 90 mutants were produced 
and screened by an affinity electrophoresis/ Western blotting method. Those of particular interest were 
further characterized by enzyme immunoassay, and on this basis seven of the mutant Fabs were selected 
for thermodynamic characterization by titration microcalorimetry. With regard to residues that hydrogen 
bond to Hgand through backbone interactions, Oly 102H could not be substituted, while several side chains 
could be introduced at Gry l0OH and Tyr l03H with relatively little effect on antigen binding. There was, 
however, a preference for nonpolar side chains at position 103H. Substitution of His ,0lH with carboxylate 
and amide side chains gave mutants with binding affinities approaching that of the wild type; complete 
side-chain removal by mutation to Gly was tolerated with a 10-fold reduction in binding constant Analysis 
of binding by titration microcalorimetry revealed some dramatic thermodynamic changes hidden by the 
similarity of the binding constants. Similar effects were observed with residue changes in an Arg-Asp 
salt- bridge at the base of the loop. These results indicate that alterations to higher affinity anti-carbohydrate 
antibodies are characterized by an enthalpy-entropy compensation factor which allows for fundamental 
changes in the nature of the binding interactions but impedes engineering for increases in affinity. 



As evidence for the crucial role of carbohydrates as 
recognition elements in cellular functions increases, so does 
the desirability of gaining a full understanding of how the 
biological roles of carbohydrates are exerted through their 
interaction* with proteins (Vyas,1991). A recent increase in 
the number of well-refitted structures has provided considerable 
insight into the atomic interactions at play in these processes. 
In our laboratory, the details of carbohydrate binding by 
antibodies have, for the first time, been described at atomic 
resolution. The crystal structure of a Fab complcxcd with a 
Salmonella O-antigen of serogroup B has been solved at 2.05-A 
resolution (Cyglcr et al, 1991). The antigen, built from the 
four-sugar repeating unit 

{-►2)[ai>-Abe I (l-^3)Jttr>Man(l-^)aL-Rha(l-^ 

3)aD-Gal(l~*} 

is bound in a "pockct'-like site via a network of hydrogen 
bonds and van derWaals contacts (Figure 1). Abequosc, the 
immunodominant sugar* is totally buried, while mannose and 
galactose residues lie on the protein surface and are partially 
exposed to water. 



* Anther to whom corrapondetice ihould be addressed [telephone 
(613) 990-3247; fax (613) 941-1327]. 

* Pretest addreas: Department of Vegetable Crops, Mann Laboratory, 
University of California, Davis, CA 93616-8631. 

I Present address: Connaoght Labantoria LttL, Wittowdale* ON. 
Canada. 

I Present address: Department of Chemistry, CarUberg Laboratory, 
DK-2500 Copenhagen Valby, DenmmiL 

1 Abbreviations: Abe, 3 »6-dideoxy-x> /o-bexose; BSA, bovine serum 
albumin; CDR, complcroentary-deteramtag region; ETA* enzyme 
imnmnouaay; H3, heavy-chainCDtU; PVDF, pdy(vinyltdeae fluoride). 



We have initiated a protein engineering study of the 
combining site of the anti-Salmonella antibody to test the 
various site residues and to complement antigen analog studies. 
Such detailed analyses of well-defined protein-carbohydrate 
structures are nocessary to understand the principles governing 
the relationship among structure* specificity, and affinity in 
carbohydrate recognition systems. Without this type of 
information, strategic and astute redesign of carbohydrate 
binding sites will be difficult Structure-function studies by 
site-directed mutagenesis have to date been confmed to sugar- 
binding proteins from the bacterial periplasm (Quiocho, 1991; 
Vermersch et aL, 1990, 1991). As a model system for this 
type of study, the Salmonella antibody offers several advan* 
tages in addition to the well- refined crystal structure. These 
include a detailed description of binding thermodynamics 
(Sigunkjoid et aL, 1991; Sigurskjold ft Bundle, 1992) and 
an efficient Escherichia coll expression system (Anand et aL, 
1990, 1991a) that yields active product through the use of 
bacterial signal peptides (Better et al., 1988; Skerra ft 
Plfickthun, 1988). With a binding constant of 2 X 10* M~ l , 
the anti-Salmonella antibody has very good affinity for an 
anti-carbohydrate antibody. 

Antibody binding sites are constructed chiefly from six 
segments, three from each chain, termed CDRs. The origin 
of the CDR-H3 from the D-segment of the gene together with 
junctional and N-diversity (Alt ft Baltimore, 1982) leads to 
far greater sequence variation in this CDR than in the other 
five. As often occurs in antibodies (Alzari et al., 1988; Mian 
et aL, 1991), the heavy-chain CDR3 of the Salmonella 
antibody makes a greater contribution to antigen binding than 
do the other five CDR loops. Four of the eight residues that 
form hydrogen bonds to the antigen reside in this loop (Figures 
1 and 2). Another feature of the H3 loop is the presence at 
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Mutagenesis of Anti-Salmonella Antibody CDR-H3 Loop 
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Figure 1: Detail* of Sc 1 55-4 CDR-H3 involvement in binding the 
trittccharide epitope of Salmonella lerogroup B O-antigen; hy- 
drogen-bonding scheme highlighting H3 residue (in boxes) involve- 
ment 
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FiGUft£ 2: Heavy-chain CDR3 lequence indicating the residues (in 
boxes) which hydrogen-bond to antigenand the position of the Arg 5IH - 
Atp 1EKH salt-bridge. 

its base of a salt-bridge (Chothia & Leak, 1987) which may 
stabilize its conformation (Figure 2). In other antibodies 
alterations to this salt-bridge gave unpredictable and inter- 
esting results (Chien et al., 1989;NovotnyetaL, 1990;Panka 
et 01,1988). For these reasons, our combining site engineering 
studies have focused on H3. In this paper we describe the 
results of mutagenesis of each of the four H3 contact residues 
into each of the other 19 amino acid side chains. Such a 
systematic approach may lead to a better appreciation of the 
role of this key CDR in the formation of the antigen binding 
site. 



EXPERIMENTAL PR 



URES 



Materials* Restriction enzymes and DNA-modifying 
enzymes were purchased from New England Biolabs and 
Bethesda Research Laboratories. AD DNA manipulations 
were carried out essentially aa described by Sambrook et al. 
(1989). Oligonucleotides were synthesized on an Applied 
Biosystems Model 380A automatic DNA synthesizer. En- 
zyme conjugates and substrates for immunoassays were 
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obtained from Caltag, Kirkegaard and Perry Laboratories 
and Bio-Rad 

Fab Gene Construction. The dicistronic Fab construct pSaK 
Fab (Anand et al., 1991a) consisting of the Fd and light chain 
genes, each preceded by the ompA signal peptide, in the 
expression plasmid pUCE8 (NarangetaL, 1987) was modified 
somewhat prior to the initiation of this study. An unpaired 
cysteine (Cys WL ) was mutated to Ser, using the codon; TCT, 
to eliminate unwanted disulfide bond formation. This change 
had no detectable effect on antigen binding as measured by 
enzyme immunoassay (data not shown). Also, a single base 
pair error at heavy-chain residue 65 (AGT, encoding Set, 
instead of the required CGT, encoding Arg) was corrected 
This was accomplished by replacing the PfMl (Thr 3011 ) to 
Spel (Thr 74H ) segment with six synthetic oligonucleotides, at 
the same time changing the GAG Gtu 46H codon to G AA, thus 
destroying the Xhol site at Leu 45K , and changing the CGT 
Arg 40H codon to CGG, thereby generating an Eagl site. The 
corrected plasmid was designated pSal-FabB, The pSa^- 
FabB product had an affinity for antigen that was approx- 
imately 50% better than that of the Ser** H mutant (pSal-Fab 
product). 

Generation of Mutants, Site-directed mutagenesis was 
carried out by a double-mutation approach (Narang et al M 
1991). For heavy-chain substitutions between positions 1 QOH 
and 106H,pSal-FabBwascut attheuniqueitfM(atThr"^ 
and Sacl (at Ser 117H ) sites and the Mlul-Saci segment was 
replaced in each cloning with four synthetic oligonucleotide* 
(Figure 3). In each instance, the left-hand pair of oligonu- 
cleotides possessed one to three mismatches which introduced 
the codon for one substitution on the top strand and the 
anticodon for the second substitution on the bottom strand 
The right-hand pair of oligonucleotides was common for each 
cloning and possessed a single silent mismatch at position 
1 12H, with the result that clones derived front the top strand 
gained an extra Kasl site and clones derived from the bottom 
strand gained an extra Nhel site. These restriction sites were 
used to screen miniprcp DNA prior to sequencing. A similar 
procedure was employed to generate mutants in the 97H- 
99H and 106H-107H regions, except that a unique BsgL site 
(recognition sequence at 95H,cut site a 90H) was used instead 
of Mlul and the junction between the two pairs of oligouu* 
deotides was moved five amino acids to the left In all cases 
nucleotide sequences were confirmed by sequencing with the 
dideozy method using the Sequenase kit (US. Biochemical* 
Corp.). 

Expression and Isolation of Mutant Fobs. E. coli % strain 
TG- 1 , harboring wild-type or mutant pSal-FabB plaamid was 
grown with shaking at 30 °C in M9 medium supplemented 
with 0.4% (w/v) casainino adds and S mg/L thiamin, in the 
presence of 100 mg/L ampicUlin. At 24 h, cultures were 
induced by adding supplementary nutrients (12 g of try ptone, 
24 g of yeast extract, and 4 ml of glycerol per liter) and 1 
mMisopropyltMogalactopyranoside. After a further 66 h of 
growth, active Fab was isolated from periplasmic extracts by 
affinity chromatography as described previously (Anand et 
aU 1991a). 

Afflrdty Electrophoresis. An affinity electrophoresis meth- 
od using acrylamide gels containing antigen was developed on 
the basis of principles originally described by Takeo and co- 
workers (Takeo & Nakamura, 1972; Takeo & Kabat, 1978). 
Native polyacrylamide gels were made for the PhastSystem 
(Pharmacia). Separating gels were 8% acrylamide in 112 
mM Trie acetate buffer, pH 6.4, and stacking gels were 3% 
acrylamide in 56 mM Tris acetate buffer, pH 6.4. For ligand- 
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CO A3 



»7 f i 9» 100 101 102 10) 104 105 XOi 107 100 109 110 HI 112 113 114 US llf 117 110 
fbr Arg Oly Qlj Oly Tjr Tyr Qlf **p Tjr ffrp Oly Ola Oly Ali A*r Lan Ibr Vol lor Mr 

CO COT OG7 OQnCUOOTtACCACOOIOATTACTOOOOT CAO OOC OCO A0O CTO ACC OT« A0C * 
A CCA CCA OtA CCA ATO AM CCA CSA ATO ACC CCA OK COO COO CCO OAC fOO CAC 

-srsr star 
B. LEFT-HAND REPLACEMENT OLIGONUCLEOTIDES 

♦7 90 90 100 101 101 109 104 10S 106 
Tkr Arg Oly Oly kit Arg ryr Tyr Oly i*p 

CO COT OOT OOT CAC COS CAC SAC 001 OAT 

A OCA CCA OSA Q2 ASO ATO CCA CSA ATO ACC 

JHaX AAti- 
W 

a RIGHT-HAND REPLACEMENT OLIGONUCLEOTIDES 

107 100 100 110 111 112 112 110 115 110 117 110 
Tyr xrp Oly Ola Oly Ala aw x*u *kr vol 0«r Mr 

Mil 

VAC TOO OOT CAO OOC OCC AflC CSO ACC OM AOC V 
CCA OEC CCO C0A, TOO OAC TOO CAC 

uhmt nst — 

Fiourh 3: Cloning procedure for the generation of CDR-H3 mutants. The wild-type sequence (A) was replaced by four oligonucleotides: 
two left-hand oligos (B) encoding the desired mutations and two right-hand oligos (C) that introduced a Kail site in donei derived from the 
top ttra^aadaoWfeliiteinclooeiderw Tho aame right-hand oligas were used in ell clonings, In this example, 

position 102H is changed to arginine (and gains a Kail restriction site) or lysine (and gains an Hhel restriction site). Mismatches are 
double- underlined. 



containing gels, Salmonella serogroup B Oantigcn prepared 
from Salmonella essen lipopolysaccharide (Svenson & Lind* 
berg, 1978) was added to separating gel mixtures to 0,005% 
(w/v) prior to polymerization. This antigen concentration 
would give at least at 50-fold excess of antigen over antibody 
in gels, assuming a Fab productionlevel of 20mg/L of bacterial 
culture! and meets the requirements described by Takeo and 
Kabat (1978). Native buffer strips were obtained from 
Pharmacia, Fab samples were electrophorescd in gels with 
and without antigen at 10 mA for 268 Vh as recommended 
by Pharmacia for native gels. Following electrophoresis, 
Western clots were made simply by placing the gel in contact 
with PVDF membrane (Mfllipore) that had been wetted in 
methanol and soaked in 25 mM Tris-192 mM glycine, pH 
8.4. The contact time was 2 min with three consecutive blots 
being taken from the same gel Hie blots were developed 
with an anti-mouse Iambda<hain-alkaline phosphatase con- 
jugate (Caltag). The second and third blots from each gel 
generally gave less background staining. Hie distances to 
which Fab bands migrated in the presence and absence of 
antigen were measured from the blots. The degree to which 
wild-type Fab migration was retarded by antigen 

W-tV/of 

where d is the distance migrated in the absence of antigen and 
4aj the distance in the presence of antigen, was assigned a 
value of 1, and values for mutant Fab retardation relative to 
tint of the wild-type were calculated 

Binding Assays. Following ptctiminary screening byaffta^^ 
electrophoresis, the antigen-binding properties of mutants of 
particular relevance were further investigated by indirect EIA. 
These assays were carried out as described previously ( Anand 
et aL, 1991b) using micro titer plates coated with BSA-O* 
polysaccharide conjugate (E. Altman, unpublished results). 



The binding thermodynamics of selected mutants were 
determined by titration microcalcrimctry using an OMEGA 
titration microcalorimeter (Wiseman et aL, 1989) from 
Microcal Inc. (Northampton, MA). Wild-type and mutant 
Fobs, at concentrations of approximately 50 pM in 50 mM 
Tris and 150 mM Nad, pH 8.0, were titrated with a 2 mM 
solution of synthetic trisaccharide antigen in the same buffer 
at 25 °C The ligand solution was injected in 20 portions of 
5/jJL Thennogramo^ were analyzed as d 
(Stgunkjold et al., 1991; Siguxskgold & Bundle, 1992). 

RESULTS 

Targeting ff 3 Mutations. The H3 loop of Sel 55-4 consists 
of nine residues (99H-107H, sequential numbering system). 
Four of these residues, all from the D-regkm, form hydrogen 
bonds with the bound trisaccharide (Figures 1 and 2). The 
loop is also characterized by a salt-bridge, at its base, between 
Arg 98 " and Asp 10 " 1 . The loop is quite short compared to H3 
loops in general and is characterized by a predominance of 
glycine and tyrosine residues, with Oly 10011 , Gly 102H , and 
Tyr 103H forming hydrogen bonds to antigen and to a structured 
water molecule through NH and 0=0 groups of the main 
chain. Tyr 103H also contributes one of several aromatic side 
chains that define the binding site. His l01H acceptsahydrogen 
bond from O- 4 of mannose and is oneof three histidine residues 
participating in the hydrogen-bond network. Although Jfis lwH 
is largely exposed to solvent (Figure 4), antigen mapping 
studies have shown that its interaction with mannose is 
important These four D-region contact residues were targeted 
for site-directed mutagenesis because of their role in antigen 
binding and the fact that they are representative of the types 
of interactions that characterize carbohydrate binding by 
Sel55-4. The role of the Arg 98H -Asp l <* H salt-bridge in 
maintaining the integrity of the combining site was also probed 
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Figure 4: Stereoview of the wild-type heavy-chain CDR3 loop showing internal hydrogen bonds and the position of the Arg* H -Asp tWi,t 
salt-bridge. 



Table 1: Affinity Electrophoresis Analysis of Antigen-Binding 
Activity of H3 Contact Residue Mutants" 



changed to 


Gly l «* 


His ,0IM 


fJ|yl03H 


Tyr IWH 


Ala 


0.9 


0J5 


0.75 


ND* 


Arg 


0.85 


0J5 


0.05 


ND 


Am 


0.9 


0.9< 


0.1 


0.75 


Asp 


0.9 


1,0* 


0 


0.5 


Cy* 


ND 


ND 


ND 


ND 


Gin 


1,0 


o.ay 


0.05 


0.* 


Gin 


0.9 


0.9-* 


0.t 


0.8 


Gly 


L0 


0.85* 


1.0 


0.75 


Kts 


0.9 


1.0 


0.15 


0,9 


He 


035 


0.45 


0.2 


0.9 


Leu 


0.7 


0.4 


0.15 


0.95 


Lya 


0.9 


0.5 


0.05 


ND 


Met 


0.8 


0.5 


0.25 


0.85 


Phe 


0.85 


0.3 


0.1 


0.9 


Pro 


0.4 


0.8 


0,05 


0.2 


Set 


0.9 


0.75 


0.45 


0.7 


Tbr 


0,65 


0,5 


0.35 


0,8 


Trp 


0.95 


0.1 


ND 


0.9 


Tyr 


0.9 


0,4 


0.1 


t.o 


Vat 


0.05 


0.55 


0.05 


0.9 



J The values of relative retardation are given to ±0,05. 6 Fab band not 
detected. 9 Microcalorimetry also done. 

by a limited number of amino acid substitutions. Both salt- 
bridge residues art partially buried arid quite distant from the 
binding site (Figure 4). 

Expression and Mutagenesis of Sel 55-4 Fab, Active Fab 
fragments with ioterchaindtsulfidebonds formed in good yield 
in the £.co/t periplasm. The double-replacement mutagenesis 
technique provided an efficient means of mutant generation. 
Mutants identified by preliminary restricrjon-cut screening 
were confirmed to have the correct sequence 8 of 10 times. 
The wild-type construct gave 3-5 rag/L of active periplasmic 
product* but the yields of mutant Fabs were sometimes 
dramatically higher or lower. The five His 101 H substitutions 
that gave the most active Fab molecules (Table J) had yields 
of 1 5-20 mg/L. In contrast. Western blotting indicated that 
introduction of cysteine residues into the loop resulted in poor 
yields of secreted product. Western blotting and Coomassie 
staining of affinity chromatography fractions showed that, 
for active mutants, all of the periplasmic Fab was fully active. 

Affinity Electrophoresis. Mutant Fabs were screened for 
antigen-binding activity by an affinity electrophoresis/ Western 



B 





12 3 4 



12 3 4 



Figure 5: Affinity electrophoresis of wild-type and mutant Fabs. 
Western blots were prepared following the electrophcmis of identical 
samples in the absence (A) and presence (B) of serogroup 
B O- antigen in the gel the top of the separating gel Is at the top 
of the photography and a free light-chain bond is visible at the bottom 
of the gel in lane 3. 1. WHd-iype; X His WIH Asp; 3, Hfe**"Phe; 4, 
A*p* ^Tyr-Tyr * 07H Asp> 

blotting technique developed specifically for this purpose. The 
procedure has the double advantage of screening simulta- 
neously for periplasmic Fab presence and activity* In instances 
involving a change in molecular charge, the mutation is also 
confirmed by a mobility change in the native gels (Figure S). 
The detection sensitivity was such that unconcentrated 
periplasmic extracts generally gave strong Fab bands using 
the standard assay conditions. As a screening method, the 
technique is considerably more accurate than previously used 
column procedures (Narang et al„ 1991). 

CDR Mutants. The 4 H3 residues that hydrogen bond to 
the oligosaccharide were mutated to all other 19 amino acids* 
Wild- type Fab controls were included as a check on techniques 
(Table f)» Fab bands were readily detectable, by affinity 
electrophoresis, in periplasmic extracts of most mutants with 
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Table II: Relative Affinity for Antigen of Salt-Bridge Mmanti As 
Estimated by Retardation during Affinity Electrophoresis 









mutation* 






ittta rdation 
relative to 
wild type 


m. HI 








* J* 


1 


- 


Ate 


— 


— 


— 


D.2 


2 


— 


— 


— 


Ala 


— 


0.85 


3 


— 


— 


— 


Ain 




0.9 


4 


— 


Lys 


— 




— 


1.0 


5 








Gin 




0.95 


6 




Lys 




Glu 




1.0 


7 




Asp 




Arg 




0.3 


8 








Tyr 


Asp 


1.05 


9 








Tyr 


Ght 


ND* 


10 




Lyi 




Tyr 


Aip 


0.9 


11 




Lys 




Tyr 


Ghi 


0.93 


12 


Arg 


Thr 








0 


13 




Gly 


Arg 






ND 



* Dashes denote wad-type amino acid. * Fab band not detected. 



the notable exception of those involving the incorporation of 
a cysteine residue into the loop. The results indicated that 
none of the mutations resulted in improved affinity. 

The affinity electrophoresis results showed that Gly l00B , 
which accepts a H-bond from the ordered water molecule! 
could be replaced by several amino acids without drastic loss 
of binding activity. On the basis of titration microcalorimetry 
data indicating that an affinity electrophoresis value of 0.85 
represented a 10-fbid drop in binding constant, approximately 
60% of the mutants had affinities that were within an order 
ofmagnitudeofthatof the wild type. Surprisingly, very large 
side chains could be introduced without much effect; the 
activity of Gly lC0H Trp, for example, resembled that of the 
wild type. On the other hand, any substitution of Gly l02M 
resulted in an enormous drop in activity. Results for the 
Tyr 10iH position, at which the backbone C— O group accepts 
a H-bond from the ordered water molecule, indicated a 
preference for an aJkyl/hydrophobic side chain, with such 
residues giving binding affinities within an order of magnitude 
of that of the wild type. 

A more exhaustive study of the His 101H changes was 
undertaken to probe the h&tidine-sugar interactions that are 
so prominent in antigen binding by Sel55-4. Introduction of 
hydrophobic side chains at this position virtually abolished 
binding. The best substitutions were aspartic acid, asparagine, 
glutamic acid\ and glutamine. However, side~chain removal, 
i.e. r His ,0IH Gly, was also tolerated to a remarkable degree. 
Hfa I0I ^ro and His l0IH Ser were aJsomri^ The 
1 five most active mutants as screened by affinity electrophoresis 
were selected for more in-depth analysis and were purified by 
affinity chromatography. Indirect EIA performed with the 
purified Fabs confirmed the affinity electrophoresis results, 
giving an activity ranking of His > Asp > Asn > Gln> Glu 
> Gly (data not shown). 

SalhBridge Alterations. The construction of the various 
salt-bridge mutants and the affinity electrophoresis data 
obtained for them are presented in Table II. The results 
confirmed the requirement of a positively charged residue at 
position 98H and to a lesser degree the importance of a 
negatively charged residue at position 106H. While Arg fflH - 
Lys was fully active, Arg OTH Ala exhibited a complete loss of 
biding activity. The absolute requirement for positive charge 
at position 98H was further confirmed by the Thr 9 ™ Arg and 
Arg 9,K Thr double mutation. Glutamic acid was a good 
replacement for Asp at position 1 06H , but the requirement for 
a negative charge at this position was considerably less stringent 
since both Asp 106H Ala and Asp 106H Asn displayed relatively 



good activity. Of particular interest was the double mutant 
Asp 106 H Tyr and Tyr 107H Asp f which displayed binding activity 
that was higher than that of the wild type. This was observed 
by affinity electrophoresis (Table II) and confirmed by indirect 
EIA, with the latter method indicating a 3-fold increase in 
activity (data not shown). 

Titration Microcalorimetry. A thermodynamic analysis 
of the five most active His l0lH mutants and the most active 
salt-bridge mutant was obtained by titration microcalorimetry 
(Tabic III). The results confirmed the reliability of the affinity 
electrophoresis technique as a screening procedure insofar as 
aUfivehadJ^valuesof >2X 10*M" 1 . At the Hia 101 " position, 
an increase of over 50% in the enthalpy terms was observed 
for the Glu and Gin mutants. However, an opposing en tropic 
effect precluded any increase in affinity. Affinities, in fact, 
were 3-4 times less than that of the wild type. This dramatic 
shift in thermodynamic parameters was not observed for the 
Asp and Asn mutants. With these mutants, Atf° values were 
somewhat lower and AS 9 values relatively unchanged relative 
to those of the wild type. This indicated that these structural 
changes have little effect on binding chacteristics other than 
slightly weaker hydrogen bonding or van der Waals forces. 
The complete removal of the 101H side chain in the glycine 
mutant gives a molecule displaying a 10-fold lower affinity 
[(2 ± 0.5) X 10* M* 1 ], a highly favorable enthalpy term and 
a highly unfavorable entropy term. Such a result is open to 
several interpretations, such as water-mediated hydrogen 
bonding or improved contacts provided by a more flexible H3 
loop. The calorimetric data for the salt-bridge mutant in 
which the positions of Asp 10 *" and Tyr 107H were reversed 
indicated that binding by die double mutant was completely 
enthalpy driven with neither positive nor negative contribution 
from the entropy term. However, unlike the electrophoresis 
and indirect EIA results which indicated higher activity for 
the double mutant, the binding constant of the double mutant 
as determined by microcalorimetry [(1.7 ± 03) X 10 s M~'] 
was the same as that of the wild type. Changing the salt- 
bridge partners to Lys and Glu resulted in a higher enthalpy 
term that was offset by an unfavorable entropy change. 

DISCUSSION 

Proteins that recognize carbohydrates must meet the unique 
challenge of discriminating among a vast number of sugar 
structures arising from the stereochemistry of hydroxy 1 groups 
in monosaccharides and different sugar linkage possibilities. 
Failure in this regard could be disastrous since carbohydrates 
are used as the recognition molecules in key cellular processes 
(Feizi,1991). WithanumbcrofweU-rcfmedc^ 
of protein-carbohydrate complexes now solved (Quiocho, 
1991; Vyaa, 1991), some insight into bow these strict 
requirements are met is being acquired. The atomic features 
of carbohydrate binding are best understood for the bacterial 
periplasmic receptors Involved in sugar transport (Quiocho, 
1991). With dissociation constants in the micromolar range, 
these proteins are at the upper end of the affinity spectrum 
for sugar-binding proteins. They are characterized by binding 
sites that are largely buried andsolvent inaccessible, a stacking 
of aromatic residues against the sugar ring, and hydrogen 
bonding of sugar hydroxyls to polar amino add side chains 
(Quiocho, 1991; Spurlmo ct al., 1991; Vyas et aL, 1991). A 
considerable amount of information is also available on sugar 
binding by plant lectins and anti-carbohydrate antibodies 
(Bundle & Young, 1992). These proteins, characterized by 
affinities that are somewhat lower than those of the periplasmic 
receptors, have binding sites that are near the protein surface 
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Table III: Thermodynamic Pirameten for Antigen Binding by Selected H3 Mutants of Sel55-4 






A/20 /VI *Mnt-L^ 


am v.iu mor l j 


i*J moi 'j 


eT.ccY/WTFab 


(2.1 ±0.3) X 10* 


-30.3 ± 0.4 


-24.8 ± 0.6 


-5.5 ± 0.7 


His' 0 '»^Gltt 


(3.7 ± 1.0) X 10* 


-26.1 ± 0.7 


-44.4 ±3.5 


18.3 ± 3.5 


H»W'H-Gtn 


(7.6±il)Xl0 4 


-27.9 ±0.7 


-36.1 ± 3.0 


8.2 ±3.1 


HU IClM — Asp 


(7.1 ± 1.5) X 10* 


-27.7 ±0.5 


-223 ±1.2 


-53 ±1.3 


Hii^w— Aan 


(6.0±L2)X10* 


-27.2 ±0.5 


-23.1 ± J.3 


-4.2 ±1.4 


Hii"»H-*Gty 


(2.0±0J)X)0 4 


-24.6 ±0.6 


-41.1 ±5.5 


16.6 ±5.5 


Arg"*-Lyi and Atp 10fi «-*Glu 


(5.8 ± 1.0) X 10* 


-27.2 ±0.4 


-39J±2.0 


12.1 ±2.1 


A«p 3 ""-Tyr and Tyr»"H-Asp 


(I.7±0J)Xt0' 


-30.0 ±0.4 


-29.2 ±1.0 


-0.7 ±1,1 



Solvent 
Exposed 





FIGURE 6; Postulated hvdrogen-bond changes assodnted with Hii 101 
Glu mutation. The hydrogen-bonding scheme for CM of the mannose 
residue is shown for the native complex and for the HU 10IH Glu mutant 
Although Gin la shown here, this potential bidentatchydrogoj bonding 
to mannose 0-4 and 0-6 could be achieved with Asp, ten, and Gin 
and ought require the participation of a bound water molecule. 

but possess many of the features of the periplasmic receptors, 
such as the aromatic residue stacking phenomenon and a 
reliance on hydrogen bonds, With respect to hydrogen-bond 
type, the carbohydrate recognition site of the Sel55~4 antibody 
is somewhat unusual in that there is a lack of carboxylatc and 
amide side-chain involvement in the hydrogen-bond network 
(CygleretaL, 1991). Instead, histidine side^hain, tryptophan 
side-champ and backbone interactions dominate the hydrogen- 
bonding scheme. Thestacking of aromatic side chains against 
the sugar ring is thought to discriminate against antigens 
carrying dideoxyhexoses other than abequose. Antigen 
mapping studies by functional group replacements (Bundle 
et al., unpublished results) have shown that the binding site 
fails to bind such antigens. 

The His 101 " mutagenesis results obtained for Sel55-4 
revealed that a number of interrelated factors are involved in 
the contribution of this rraictoe to binding. The His 10IH Qlu 
and His 1 "On mutants dwpkye^iigriificaiiUyriigheT enthalpy 
changes associated with trisaccharide binding. This is 
indicative of improved hydrogen-bond and/or van der Waals 
contacts. However, there was also a dramatic shift in the 
entropy term which more than offset the enthalpy gain. This 
result can be explained in different ways, but all point to the 
excellent balance between surface complementarity and 
hydrogen-bonding possibilities provided by the histidine side 
chain. The Glu and Gin substitutions may have resulted in 
the introduction of an additional hydrogen bond but the 
associated motional restrictions led to a net negative effect on 
affinity, because of a highly unfavorable entropy term. The 
formation of a bklentate hydrogen bond involving mannose 
and the Glu side chain is easily envisioned (Figure 6). 
Replacement of His l0,H by dicarboxylic acids or the corre- 
sponding amides could potentially allow for simultaneous 
hydrogen bonding to both CM and 6-6 of the mannose residue. 
Hydrogen bonding of this type has been observed in several 
carbohydrate-protein complexes and may require the per- 




-10 0 10 
-TAS° (kJ noT 1 ) 
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regression and has slope of 0.863 with an intercept of 28 J kJ mot 1 
(r * 0.989). 

ticipation of a bound water molecule acting as either a 
hydrogen-bond donor or acceptor (Vyas.1991). Alternatively, 
the large negative entropy change could be the result of a lots 
of surface complementarity allowing one or more additional 
water molecules to be trapped in the complex The thermo- 
dynamic behavior of His 10lH Asn and His 101H Aap was similar 
to that of the wfld type. The side chain of Asn can be 
superimposed on the imidazole ring of histidine so that the 
amido group occupies the same position as the *-N of the 
hnidarnle ring, whereas the equivalent amido group of Gm 
may be superimposed on the r-N of the ring. These results 
offer evidence that the ir-N of the histidine is the one that 
forms the hydrogen bond with 0-4 mannose. 

All of the His 101H mutants were characterized by an 
enthalpy-entropy compensation effect as shown by the linear 
relationship that exists for changes in the two terms for each 
mutant (figure 7). Enthalpy-entropy compensation has 
previously been demonstrated in studies on the effects of the 
degree of ligand polymerization (Sigurskjold et aU 1991); 
and temperature (Sigurskjold & Bundle, 1992) on antigen 
binding by Sel 5 5-4, Strong enthalpy-entropy compensation 
has also been reported for three monoclonal anti-fruorescyl 
antibodies (Herron et ai, 1986). Binding of the ligand by the 
wild type is predominantly enthalpy driven with somefavorable 
assistance from entropy. This is somewhat atypical for sugar 
binding to proteins, where entropy is usually unfavorable. The 
source of the favorable entropy contribution is the efficient 
displacement of water molecules from the interacting surfaces 
of the protein binding site and the ligand. Changes in enthalpy 
and entropy always tend to compensate each other to some 
degree. For instance, if an enthalpic interaction is lost (eg., 
asalt-bridge, a hydrogen bond, or a van der Waals interaction), 
an amount of entropy will be gained from this due to increased 
motional freedom and, conversely, increased motional re- 
strictions will be introduced if a new binding interaction is 
formed. In aqueous solution, a substantial part of the 
enthalpy-entropy compensation comes from solvent displace- 
ment. When water molecules arrange themselves around the 
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surface of a solute (especially around hydrophobic surfaces), 
they form ordered structures with enthalpically stronger 
hydrogen bonds compensated by loss of entropy* When these 
molecules are stripped off upon binding, && amount of enthalpy 
is lost, compensated by an increase in entropy. If a group of 
analogous species interact by the same mechanism, then a 
linear relationship between enthalpy and entropy can be 
expected (Leffler ft Grunwald, 1963). This linear relationship 
determines the extent of the compensation between AJF and 
-TAS°. The Fab mutants described here all lie on the same 
lineofcompensationwithaslopeofO.86. Aslopeoflessthan 
1 (complete compensation) means that the free energy 
correlates with entropy; Le., the binding becomes stronger as 
-TAS° becomes more negative. It follows from the vun't Hoff 
relation, «(ht - &H*f{R7*), that when MP - 0 t the 
binding constant K is at its maximum, By extrapolation of 
the compensation plot, this occurs at -TAS* - AG 0 - -32.8 
kJ mol" 1 , which corresponds to K ■ 5.0 X 10 s M 1 , This K 
can be viewed as the maximum achievable for this particular 
ligandat25°C. It is seen that K for the wild type is reasonably 
dose to this value but that it might be possible by further 
mutation to inmiase the affinity by a factor of 2. Interestingly, 
the highest £ found in a study of the temperature dependence 
ofligand binding by Sel 55-4 was alw 5.0 x 10 3 M" , ) occurring 
at 18 °C (Sigurskjoid ft Bundle, 1992). 

An unusual number of the H3 residues of Sel 55-4 form 
backbone interactions with antigen. In the His 101 H Gly mutant, 
the only H3 side-chain hydrogen bond to antigen was removed 
with surprisingly little effect on binding. A very favorable 
enthalpy term for this mutant suggested that a strong main- 
chain interaction had been introduced at position 101 H, With 
this change, five of the nine H3 residues are glycine and four 
are contiguous in the sequence. This highly flexible structure 
should permit reorientation to allow a new interaction, and 
the unfavorable entropy torn is consistent with this inter- 
pretation of the results. It is not possible, however, to exclude 
the explanation that the introduction of water-mediated 
hydrogen bonds accounts for the dramatically increased 
enthalpy contribution to binding. In either case, the data 
once again illustrate theenthalpy-entropy compensation effect 
(Figure?) that may explain the difficulty in obtaining affinity 
increases in proteins already possessing good carbohydrate- 
binding properties (Vennersch et al, 1990, 1991). Oly 102H 
was found to be irreplaceable. Its backbone conformation is 
absolutely crucial because of the involvement of its NH in 
forming a hydrogen-bond network with the hydroxy! groups 
at 0-2-abequote, 0-2-galactosc, and CM-abcquose. The 
frequent occurrence of Gly residues in CDR-H3*, as shown 
by reading frame preferences (Abergel ft Qaverie, 1991), is 
therefore not due entirely to their flexible nature but may 
reflect the roles of backbone H-bonding in antigen binding. 
Tyr 103il , a residue at the interface between the Vj, and K H 
domains, could be replaced only by alkyl /hydrophobic side 
chains, thai defining its role in the hydrophobic interaction 
between domains. 

The CDR*H3 has a more complex origin than the other 
CDRs, deriving from the D~scgment along with junctional 
and N- variability. It shows greater variability also as 
underlined by the Wu/Kabat plots of mouse H-chain vari- 
ability (Wu ft Kabat, 1970). These features point to this 
portion of the antibody combining site having greater im- 
portance in antigen recognition. The mutation data never- 
theless show that binding activity is retained in a wide range 
of mutants with only one residue, Gly 10 " 1 , being irreplaceable. 
Thus, the natural process of somatic mutation in most cases 



would not result in loss of activity, and this robustness has 
obvious advantages in the efficiency of somatic mutations to 
produce affinity improvements. 

The results presented here once again draw attention to the 
crucial role that framework residue Arg" H (position 94H in 
the Kabat numbering system) can play in H3 conformation. 
Changes to this residue have altered the binding characteristics 
of aotWigmtin (Panka et al., 1988; Novotny et al n 1990) and 
anti-phosphorylcholine (Chien et aL, 1989) antibodies. It is 
generally assumed that it exerts its structural role by formation 
of a salt-bridge with Asp 106 " (position 101H in the Kabat 
numbering system). In supportof this, Tempest etal. (1991) 
have observed that the grafting of a murine H3 from an 
antibody lacking arginine at this position was successful only 
if the arginine at this position in the human framework was 
substituted. It is dear that a positive charge at heavy-chain 
position 98 is an essential feature of Sel 55-4. The requirement 
for a negative charge at position 106H is less stringent, 
suggesting that the role of Arg* 1 H is not limited to the formation 
of the Arg^^Asp 1001 salt-bridge. An understanding of how 
framework structure affects hypervariable loop conformation 
and of theatomic interactions between loop residues and bound 
antigen will form the basis of successful antibody engineering. 
For example, the humanizing of murine monoclonal antibodies 
by grafting murine CDRs on human frameworks will not work 
if loop conformation is distorted in the process; compatible 
frameworks must be identified or engineered (Foote ft Winter, 
1992). 

The blocking of affinity increases by entropy effects and 
the influence of framework changes on antigen binding 
thermodynamics emphasize the limitations of predictive 
redesign of antibodies, even when three-dimensional details 
of antigen and antibody structure are known. The generation 
of random mutations, coupled with the emerging phage display 
technology that enables selection for rare mutants from huge 
libraries (BarbasetaL, 1991; Marks etaL, 1991;Naranget 
al, unpublished results), may be a preferred route for tailoring 
the binding properties of antibodies to meet different re- 
quirements* 
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Tryptophan H33 plays an important role in pyrimidine (6-4) 
pyrimidone photoproduct binding by a high-affinity antibody 
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The importance of Trp H33 in antibody recognition of 
DNA containing a central pyrimidine (6-4) pyrimidone 
photoproduct was investigated. This residue was replaced 
by Tyr, Phe and Ala and the binding abilities of these 
mutants were determined by surface plasmon resonance 
and fluorescence spectroscopy. Conservative substitution 
of Trp H33 by Tyr or Phe resulted in moderate losses 
of binding affinity; however, replacement by Ala had a 
significantly larger impact. The fluorescence properties of 
DNA containing a (6-4) photoproduct were strongly affec- 
ted by the identity of the H33 residue. DNA binding 
by both the wild-type and the W-H33-Y mutant was 
accompanied by a small degree of fluorescence quenching; 
by contrast, binding by the W-H33-F and W-H33-A mutants 
produced large fluorescence increases. Taken together, these 
variations in binding and fluorescence properties with the 
identity of the H33 residue are consistent with a role in 
photoproduct recognition by Trp H33 in the high-affinity 
antibody 64M5. 

Keywords: antibodies/fluorescence/mutagenesis/pyrimidine 
(6-4) pyrimidone photoproduct/surface plasmon resonance 



Introduction 

Pyrimidine (6-4) pyrimidone dimers are major products of 
DNA photodamage that have been associated with mutation 
and cell. death in the absence of repair (Friedberg et al, 1995; 
Sancar, 1996; Wood, 1996). In vivo, (6-4) photoproducts are 
detected and corrected efficiently by enzymes of the excision 
repair pathway (Jones and Wood, 1993). Because they have 
very high binding affinities and specificities that can be 
programmed by proper choice of the immunogen, monoclonal 
antibodies have also been explored as a means to detect and 
quantitate these photolesions (Roza et al, 1988; Mizuno et al, 
1991; Mori et al, 1991; Matsunaga et al, 1993). While the 
three-dimensional structures of antibodies and repair proteins 
are undoubtedly quite different, it is possible that both utilize 
similar features to distinguish photodamage lesions in the 
presence of a vast excess of normal B-helical DNA. We have 
therefore studied a series of murine monoclonal antibodies 
raised against UV-irradiated calf thymus DNA (Mori et al, 
1991). Four of these antibodies were specific for DNA con- 
taining pyrimidine (6-4) pyrimidone photoproducts in both 
single- and double-stranded DNA. The variable region genes 
for these four anti-(6-4) photoproduct antibodies have been 
cloned and sequenced (Morioka et al, 1998). Three of the 



four sequences (antibodies 64M2, 64M3 and 64M5) are highly 
related to one another; however, the 64M5 antibody binds 
antigen at least an order of magnitude more tightly than the 
64M2 and 64M3 antibodies (Mori et al, 1991). 

A variety of techniques have been used to examine the 
details of protein-DNA interactions in the series of anti-(6— 4) 
photoproduct antibodies. Computer modeling predicted that 
the Fv structures of antibodies 64M2, 64M3 and 64M5 would 
be highly similar and that interactions with the 
(6-4) photoproduct itself would involve mainly non-charged 
interactions since the center of the combining site was predicted 
to possess few ionizable amino acid side chains (Morioka 
et al, 1998). On the other hand, it was observed experimentally 
that the affinity of the 64M5 antibody for oligonucleotides 
containing a central (6—4) photoproduct increased with increas- 
ing lengths up to a hexanucleotide (Kobayashi et al, 1998a). 
This suggests that electrostatic contacts might be formed 
between antibody side chains and phosphate groups on flanking 
regions of the oligonucleotides and these have been detected 
experimentally by 3 *P NMR (Torizawa et al , 1 998). A strongly 
cationic patch was observed on the 64M5 VH surface approxi- 
mately 20 A from the center of the combining site. Single and 
multiple alanine replacements for the four lysine residues 
making up this cationic patch were created and the properties 
of these mutants suggested that the region functioned in the 
wild-type protein as an 'electrostatic steering' element during 
the association phase of DNA binding, although these amino 
acid side chains apparently did not interact directly with the 
antigen after binding had occurred (Kobayashi et al, 1998b). 
Mutagenesis studies of CDR loop amino acids that differed 
between the 64M5 and 64M2 antibodies suggested that these 
proteins undergo conformational changes upon antigen binding 
and that the greater propensity to undergo these conformational 
changes is the major reason for the higher affinity of the 64M5 
antibody (Kobayashi et al, 1 999). The X-ray crystal structures 
of the free 64M5 Fab fragment and the 64M2 Fab fragment 
complexed with a d(TT) (6—4) photoproduct dimer have 
been solved recently (Yokoyama,H., Mizutami,R., Satow,Y, 
Komatsu,Y, Ohtsuka,E. and Nikaido,0., manuscript in prepara- 
tion). These experimental structures were very similar to those 
predicted by computer modeling and comparison of the bound 
and free states showed the conformational changes expected 
from earlier studies. The apparent stacking interaction between 
the Trp H33 side chain and the 3' pyrimidone nucleotide was 
a particularly striking feature of the 64M2 complex structure 
(Figure 1). This Trp residue, located in VH CDR1, is conserved 
in the 64M2, 64M3 and 64M5 antibodies and also in a number 
of other murine anti-DNA antibodies of the 72a and 72b 
subclasses (Kabat et al, 1992). 

Stacking interactions between indole rings and nucleoside 
bases have been implicated in a variety of protein-DNA 
interactions. NMR studies have demonstrated such interactions 
with undamaged DNA in both model peptides (Sartorius and 
Schneider, 1995) and the HIV capsid protein (Morellet et al, 
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Fig. 1. Pyrimidine (6-4) pyrimidone photoproduct and its interaction with 
the 64M2 antibody. (A) Structure of the d(TT) (6-4) photoproduct. 
(B) Contact between the 64M2 Trp H33 side chain and the 3' pyrimidone 
of the bound (6-4) photodimer. These coordinates were taken from the X- 
ray structure of this complex, which was prepared by co-crystallization with 
the photodimer shown in (A). Heavy atoms of both the protein and DNA 
are shown as heavy gray lines and the van der Waals surface of both Trp 
H33 and the pyrimidone portion of the photoproduct are indicated by black 
dots. 

1998). These interactions have also been observed in damaged 
DNA recognition. Pi-stacking interactions between indole and 
methylated adenine derivatives have been investigated by 
small-molecule X-ray crystallography (Ishida et aL, 1983; 
Yamagata et aL, 1994) as models for the repair enzyme 3- 
methyladenine DNA glycosylase, whose crystal structure in a 
complex with DNA has been recently determined (Lau et aL, 
1998). A K-stacking role for a tryptophan side chain has 
also been proposed for Escherichia coli exonuclease III (AP 
endonuclease VI) (Shida et al. y 1996). 

In this paper, we examine the role of Trp H33 in photoproduct t r 
binding by the 64M5 scFv. Mutants were constructed in which 
this residue was substituted with phenylalanine, tyrosine or 
alanine. While the W-H33-F and W-H33-Y mutants retained 
a large fraction of the wild-type binding affinity for DNA's 
containing a (6-4) photoproduct, the W-H33-A substitution 
dramatically diminished antigen binding. Pyrimidine (6—4) 
pyrimidone photoproducts are fluorescent, and this property 
was exploited to probe the local environment of the bound 
antigen in the wild-type and the mutant scFvs. Taken together, 
our results indicate that Trp H33 plays a key role in DNA 
photoproduct binding by the 64M5 antibody, most likely by 
7i-stacking interactions. 

Materials and methods 

Genera! 

Restriction and DNA modifying enzymes were purchased from 
Takara Shuzo, New England Biolabs, Bethesda Research Labs, 
Stratagene, Toyobo or Boehringer Mannheim. Reagents were 



obtained from Wako Pure Chemical Industries, Nacalai Tesque 
or Sigma Chemical and were used as received. DNA phos- 
phoramidite reagents were obtained from Perkin Elmer Applied 
Biosystems. Routine cloning was performed according to 
Sambrook et al (1989). 

Preparation of oligonucleotides 

Solid-phase oligonucleotide synthesis was carried out on an 
Applied Biosystems Model 394 DNA/RNA synthesizer using 
standard [J-cyanoethyl chemistry according to the manufac- 
turer's protocol. Oligonucleotides were purified for surface 
plasmon resonance measurements by reversed-phase HPLC 
(HBondapak CI 8, Waters). Those used for molecular biology 
techniques were purified by denaturing polyacrylamide gels. 3'- 
Biotinylated oligonucleotides containing a (6—4) photoproduct 
(T[6-4]T and CAAT[6-4]TAAG) were prepared as described 
previously (Kobayashi et ah, 1998a). 

Production and isolation of mutant 64M5 scFv 's 

Trp H33 was replaced by alanine, phenylalanine and tyrosine 
using PCR methods (Higuchi, 1989) and detailed procedures 
have been described previously (Kobayashi et aL, 1999). All 
mutant DNA sequences were confirmed by automated DNA 
sequencing (Applied Biosystems Model 373A). Once con- 
structed, each mutant scFv gene was introduced into an 
expression plasmid in which the scFv was fused to a hexahisti- 
dine tag (Kobayashi et aL, 1999). 

All of the scFv's accumulated in Escherichia coli cells in 
the form of inclusion bodies according to SDS-PAGE and 
western blotting. Active proteins were obtained by solubilizing 
the inclusion bodies in 6 M guanidinium hydrochloride fol- 
lowed by an on-column refolding and purification procedure 
(Kobayashi et aL, 1999). The scFv's were further purified by 
gel filtration using a Superose 12 HR 10/30 column equilibrated 
with HBS (10 mM HEPES, pH 7.4, 150 mM NaCl, 3.4 mM 
EDTA, 0.005% Tween-20) using a SMART-system (Pharmacia 
Biotech). 

Surface plasmon resonance determination of (6-4) 
photoproduct binding by scFv s 

Binding of scFv's to oligonucleotides containing a (6-4) 
photoproduct was measured by surface plasmon resonance 
(SPR) measurements using a BLAcore instrument as described 
previously (Kobayashi et aL, 1999). The minimal amount of 
SjDNA was immobilized on the sensor chip in order to avoid mass 
transport limitations. Injections of biotinylated oligonucleotides 
(0.01 pmol/[il in HBS) were repeated until the SPR signal was 
increased by 10-30 resonance units (RU) above the original 
baseline. Purified scFv's were diluted in HBS buffer, then they 
were injected over the immobilized oligonucleotides at a flow 
rate of 100 |il/min over a concentration range from 10 to 200 
nM. Sensorgrams were recorded and normalized to a base line 
of 0 RU. Equivalent volumes of diluted antibodies were also 
injected over a non-oligonucleotide surface to serve as blank 
sensorgrams to allow subtraction of the bulk refractive index 
background. The association was monitored by measuring the 
rate of binding to antigen at different protein concentrations. 
The dissociation of these antibodies from the antigen surface 
was monitored after the end of the association phase. The 
remaining bound antibodies were removed completely by 
injecting 50-100 |il 100 mM HC1. Kinetic rate constants were 
calculated using BIAevaluation 2.1 software (Biacore) using 
a single-site binding model (A + B = AB). The ratio of the 
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Fig. 2. Fluorescence emission spectra of the (6-4) photoproduct with excitation at 3 1 3 nm in the presence of wild-type 64M5 scFv. (A) Emission spectrum of 
200 pmol [5'-d(CAAT(6-^)TAAG)-3'] in the presence of 0, 100 and 200 pmol wild-type 64M5 scFv. (B) Emission spectrum of 50 pmol [5'-d(T(6-4)T)-3'] 
in the presence of 0, 25, 50 and 100 pmol wild-type 64M5 scFv. No clear trend in intensity changes as a function of added scFv was observed in this case. 



Table I. Kinetic constants for the binding of scFv's to oligonucleotides containing a (6-4) photoproduct 



scFv 


d2-mer-(6-4) a 






d8-mer-(6-^) b 








*ass (M-V) 


*diss (S _I ) 


*disAiss (M) 


*a» (M-'s" 1 ) 


*diss (s ') 


*disAass ( M ) 


Wild type c 
W-H33-Y 
W-H33-F 
W-H33-A 


(9.5±0.7)X10 5 
(9.0±0.1)X10 4 
(1.9±0.3)X10 4 
ND 


(1.5±0.2)X10" 3 
(4.4±0.4)X10- 3 
(8.4±0.3)X10~ 3 
ND 


1.6±0.2)X10" 9 

(4.9±0.4)X10" 8 

(4.4±0.7)X10~ 7 


(1.1±0.1)X10 6 
(4.8±0.3)X10 5 
(4.5±0.1)X10 5 
(1.3±0.6)X10 5 


(1.1±0.2)X1(T* 
(2.1±0.1)XlO 4 
(2.1±0.1)X10" 4 
(1.0±0.1)X10~ 2 


(1.0±0.1)X10- 10 
(4.4±0.3)X10" 10 
(4.7±0.2)X10* 10 
(8.0±4.0)X10" 8 



a d(T<6-4>T). 
b d(CAAT<6-4>TAAG). 
c Kobayashi et al (1999). 

ND, No binding detected under standard conditions. 



rate constants allowed the apparent equilibrium constant to be 
calculated, A: D?app = k^Jk^. 

Fluorescence measurements of (6-4) photoproduct with 
scFv's 

Steady-state fluorescence excitation and emission spectra of 
(6—4) photoproduct with scFv's were measured on a Model 
FP-777 spectrofluorometer (Japan "Spectroscopic Co, Ltd) using 
a 6 mm square cuvette and a sample volume of 200 The 
emission spectra were recorded over the wavelength range 
from 250 to 500 nm with an excitation wavelength of 3 1 3 nm. 
The spectral bandpass was 5 nm for all emission spectra. After 
obtaining the emission scan for the photoproduct-containing 
oligonucleotides alone in a HBS buffer, scFv proteins were 
added at the indicated concentrations and allowed to equilibrate 
for 30 min at 25°C prior to spectral measurements. 

Results 

A tryptophan at position H33 is present in all three closely- 
related anti-(6-4) photoproduct antibodies (64M2, 64M3 and 
64M5). Moreover, the three-dimensional structures of the 
64M2 and 64M5 Fab fragments determined by X-ray crystal- 
lography are highly similar (Yokoyama,H., Mizutami,R., 
Satow,Y., Komatsu,Y., Ohtsuka,E. and Nikaido,0., manuscript 
in preparation). We therefore chose to investigate the role of 
Trp H33 in the context of the 64M5 scFv since this antibody 



has the highest affinity for photoproduct-containing oligonucle- 
otides (Mori et al.y 1991) and because of our previous 
experience in site-directed mutagenesis studies of the 64M5 
scFv (Kobayashi et aL, 1998b, 1999). We expect the role of 
Tip H33 to be identical in antigen binding by the 64M2, 64M3 
and 64M5 antibodies. All scFv's used in this study had 
the VI^linker-VH-Hisg structure that better reproduces the 
binding properties of the native 64M5 monoclonal antibody 
and the proteolytically-prepared Fab fragment (Kobayashi 
et aL, 1999). 

We replaced Trp H33 by Ala, Phe and Tyr using standard 
site-directed mutagenesis techniques (Higuchi, 1989) and 
expressed the scFv proteins along with C-terminal hexahistidine 
tags in E.coli as inclusion bodies. The pure scFv proteins were 
prepared by solubilizing the inclusion bodies with denaturant, 
capturing the unfolded proteins on metal affinity columns, 
then re-folding the scFv proteins while still attached to the 
solid support (Kobayashi et al, 1999). After elution from the 
metal affinity column, the scFv's were further purified by gel 
filtration chromatography. The final chromatography step also 
indicated that the wild- type and all three mutant scFv's were 
predominantly monomelic under the experimental conditions. 

The rate constants for photoproduct binding by the scFv's 
were determined by surface plasmon resonance and the data 
are summarized in Table I. Two DNA's were used: the (6-4) 
photodimer and an octanucleotide that contained a central 
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Fig. 3. Fluorescence emission spectra of the (6-4) photoproduct with excitation at 313 nm in the presence of mutant 64M5 scFv's. When observable, trends 
in intensity changes as a function of added scFv are indicated by arrows. (A) Emission spectrum of 50 pmol [5'-d(T(6-4)T)-3'3 in the presence of 0, 25, 50 
and 100 pmol W-H33-Y 64M5 scFv. (B) Emission spectrum of 200 pmol [5'-d(CAAT(6-4)TAAG)-3'] in the presence of 0, 100 and 200 pmol W-H33-Y 
64M5 scFv. (C) Emission spectrum of 50 pmol [5'-d(T(6-4)T)-3'] in the presence of 0, 25, 50 and 100 pmol W-H33-F 64M5 scFv. (D) Emission spectrum of 
200 pmol [5'-d(CAAT(6-^)TAAG)-3'] in the presence of 0, 100 and 200 pmol W-H33-F 64M5 scFv. (E) Emission spectrum of 50 pmol [5'-d(T(6-4)T)-3'] 
in the presence of 0, 25, 50 and 100 pmol W-H33-A 64M5 scFv. (F) Emission spectrum of 200 pmol [5'-d(CAAT(6-4)TAAG)-3'] in the presence of 0, 100 
and 200 pmol W-H33-A 64M5 scFv. 



(6-4) photoproduct. The former was designed to probe inter- 
actions with the photoproduct itself while the latter would also 
allow contributions to binding energy by contacts with flanking 
nucleotides. The W-H33-A mutant was unable to bind the 
dimer at detectable levels under our experimental conditions, 
although binding to the octamer was measurable. 

The (6-4) photoproduct fluoresces with an emission 
maximum near 405 nm when excited at 3 1 3 nm (Haus wirth and 



Wang, 1977; Franklin et aL, 1982). Because the fluorescence 
properties depend on the relative torsional angle between the 
5'-pyrimidine and the 3'-pyrimidone ring of the photoproduct, 
we exploited this technique to characterize DNA binding by 
the 64M5 scFv mutants. Figure 2 shows the emission spectra 
of the (6-4) photoproduct dimer and octamer used previously 
to characterize the scFv's by surface plasmon resonance. Step- 
wise addition of the wild-type 64M5 scFv caused a small 
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Fig. 4. Graphical representation of rate constants for photoproduct binding 
as determined by surface plasmon resonance. 

progressive decrease in fluorescence intensity in the case of 
the octamer; however, only very slight changes were observed 
in the case of the dimer and no trend was apparent. In the 
case of the octamer, infinitely tight binding would be expected 
under the experimental conditions and the extent of fluores- 
cence quenching as a function of added scFv was consistent 
with this expectation. Repeating this experiment with the W- 
H33-Y mutant gave similar results (Figure 3 A and B). In the 
case of the octamer, infinitely tight binding was expected on 
the basis of the Kv APP value determined by surface plasmon 
resonance and the data fit this expectation. In the case of the 
photoproduct dimer, both the DNA and the scFv concentrations 
were within an order of magnitude of the A^ D>a pp value. These 
data could be well described by a quadratic binding equation 
that incorporated the ^o,app value determined by surface 
plasmon resonance (data not shown), demonstrating that both 
methods for detecting scFv-DNA interactions yielded consist- 
ent results and that the observed fluorescence changes are 
unlikely to be experimental artifacts. 

When photodimer fluorescence spectra were determined in 
the presence of increasing concentrations of the W-H33-F 
mutant, large increases in fluorescence intensities were 
observed along r with a pronounced blue shift (Figure 3C and 1 
D). Similar behavior was observed for the W-H33-A mutant 
(Figure 3F). These data were also consistent with quadratic 
binding equations incorporating K D App values determined by 
surface plasmon resonance. Only small fluorescence changes 
were detected when the W-H33-A mutant was added to the 
(6-4) photodimer (Figure 3E), consistent with our inability to 
detect this interaction by surface plasmon resonance. 

Discussion 

While Trp commonly occurs at position H33 in anti-DNA 
antibodies, and it is conserved among all three closely-related 
anti-(6-4) photoproduct antibodies, a variety of other residues 
are also found in the Kabat database at this location including 
Ala, Phe and Tyr (Kabat et aL, 1992). All three H33 mutants 
retained the ability to bind (6-4) photoproduct-containing 
DNA, suggesting that the mutations did not drastically alter 
the native three-dimensional structure. The rate constants for 
(6-4) photoproduct binding by the wild-type and mutant scFv's 



are shown graphically in Figure 4. As would be expected for 
a residue that interacts strongly with the photoproduct itself, 
mutations of Trp H33 had the greatest impact on binding of 
the photodimer. The flanking nucleotides present in the octamer 
provide additional contacts independent of Trp H33 (Morioka 
et aL, 1998), and this reduces the impacts of all but the Ala 
mutation. The latter may be a special case, however, since the 
dramatic reduction in side chain volume may also affect the 
positioning of other nearby residues. 

The energetic impact of removing Trp H33 on DNA binding 
is consistent with its proposed role in stacking with the 
photoproduct 3'-pyrimidone base and with the results of site- 
directed mutagenesis studies of Trp-DNA interactions in other 
proteins. For example, Voss and co-workers analyzed the 
consequences of mutating Trp HI 00 A in anti-single-stranded 
DNA autoantibody BV04-01, whose side-chain had been 
shown by X-ray crystallography to stack against the central 
thymine base of bound d(T 3 ) (Rumbley et aL, 1993). The role 
and positioning of this residue is thus analogous to that of Trp 
H33 in our photoproduct antibodies. Substitution of Trp H100A 
in BV04-01 by Tyr or Phe led to decreases in K D values of 
22- and 44-fold, respectively (Rumbley et aL, 1993). The 
corresponding alterations in ^o,app values for mutation of Trp 
H33 to Tyr and Phe in 64M5 are'3 1- and 280-fold, respectively. 
In the case of DNA repair protein E.coli photolyase, a 
tryptophan side chain (Trp 277) is positioned within the 
substrate binding pocket (Park et aL, 1995). While mutation 
of this residue to Phe or His had little effect on substrate 
binding, replacement by His or Arg diminished the affinity of 
the protein by 1000-fold (Li and Sancar, 1990). 

The alterations in (6—4) photoproduct fluorescence properties 
with changes in the H33 residue are also consistent with a 
7C-stacking interaction involving Trp H33. Each mutation was 
introduced into the X-ray crystal structure of the 64M5 scFv 
using computer modeling. Interestingly, the aromatic rings of 
both Tyr and Phe were predicted to overlap with the 3'- 
pyrimidone base more extensively than the indole side chain 
of Trp H33. While it is not possible to quantitatively interpret 
the fluorescence changes caused by the 64M5 scFv, we note 
that the decrease in (6-4) photoproduct fluorescence intensity 
caused by the wild type 64M5 scFv was identical to that 
observed for the proteolytically-prepared 64M5 Fab (data not 
shown), suggesting that this quenching is an intrinsic part of 
..the binding interaction rather than an artifact of the scFv. 
However, we cannot determine whether these changes in 
fluorescence properties are due to changes in the relative 
angle between the pyrimidine and pyrimidone 7C-systems upon 
binding, resonance energy transfer to nearby 7i-systems or 
some other mechanism. It is clear that replacing Trp H33 with 
Phe or Ala alters the local environment of the (6-4) photodimer 
since binding is accompanied by large fluorescence increases 
that are not seen with the wild-type scFv. 

In summary, the results of the present study argue that Trp 
H33 plays a key role in (6-4) photoproduct binding by the 
high-affinity 64M5 antibody. Whether enzymes that recognize 
and repair these photolesions will also utilize a similar inter- 
action with the 3 '-pyrimidone base remains to be determined. 
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ABSTRACT We have combined PGR mutagenesis with in 
vitro transcription/translation and ELISA for the rapid gen- 
eration and characterization of antibody mutants. The PGR 
products are used directly as the template for the in vitro 
transcription/translation reactions and because no cloning 
steps are required, the in vitro saturation mutagenesis of one 
residue can be completed in duplicate within a week by a single 
investigator. In vitro scanning saturation mutagenesis was 
used to analyze the role and plasticity of sis key contact 
residues (H:T>r^33, H:Asn-35, H:Tyr-50, H:Trp-100, L:Val-94, 
and L:Pro-96) in the binding pocket of a single chain Fv 
antibody derived from the 26-10 monoclonal antibody. A total 
of 114 mutant antibodies were produced; all 19 substitutions 
at each of the 6 chosen positions. The mutants were analyzed 
for binding to digoxin, digitosin, digoxigenin, and ouabain 
resulting in the generation of a comprehensive data base of 
456 relative affinity values. Excellent agreement between the 
relative affinity values obtained with in vitro synthesized 
mutant antibodies and equilibrium affinity data obtained 
with previously reported purified mutant monoclonal anti- 
bodies was observed. Approximately 75% of the single amino 
acid mutants exhibited significant binding to one or more of 
the digoxin analogs. Mutations that alter and, in some cases, 
reverse specificity for the different digoxin analogs were 
identified In vitro scanning saturation mutagenesis repre- 
sents a new tool for protein structure-function and engineer- 
ing studies and can be interfaced with laboratory automation 
so that an even higher throughput of protein mutants can be 
constructed and analyzed. 



Structure-guided site-specific mutagenesis represents a pow- 
erful tool for the dissection and engineering of protein-ligand 
interactions (1, 2). One particularly useful mutagenesis tech- 
nique is alanine scanning mutagenesis in which a number of 
residues are substituted individually with the amino acid 
alanine so that the effects of losing side-chain interactions can 
be determined, while minimizing the risk of large-scale per- 
turbations in protein conformation (3). However, the substi- 
tution of functional residues with alanine or any other single 
amino acid can give misleading results regarding their mech- 
anistic importance (4). 

Tremendous attention continues to be focused on antibodies 
because they define a paradigm of high-affinity protein binding 
and they are among the most important classes of commercial 
protein molecules. Antigen binding is determined primarily, 
but not exclusively, by amino acid residues in the antibody 
hypervariable or complementarity determining regions I, II, 
and III of the heavy (H) and light (L) chains. Site-specific 
mutagenesis and the screening of antibody libraries by phage 
display have been used to explore the effect of amino acid 
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substitutions on antigen affinity (5-13). Such studies have 
demonstrated that even antibodies generated from the sec- 
ondary immune response are not necessarily "optimized" with 
respect to affinity and/or specificity (10-13). There is evidence 
that the antigen binding site exhibits a fair degree of plasticity 
in that a number of amino acid substitutions are tolerated and 
occasionally improve affinity (6, 12). 

Comprehensive information on the functional significance 
and information content of a given residue of an antibody can 
best be obtained by saturation mutagenesis in which all 19 
amino acid substitutions are examined. The shortcoming of 
this approach is that the logistics of multiresidue saturation 
mutagenesis are daunting (4, 14). Hundreds, and possibly even 
thousands, of site specific mutants must be studied. For each 
mutant protein, the appropriate gene construct must be made, 
the DNA must be transformed into a host organism, trans- 
formants need to be selected and screened for expression of 
the protein, the cells have to be grown to produce the protein, 
and finally the recombinant mutant protein must be isolated. 
There have been only a handful of studies where one, or at 
most a few, residues in an antibody have been subjected to 
saturation mutagenesis. Even in those studies, only some of the 
mutants were examined in detail (5, 6, 15). 

In recent years, techniques for estimating the equilibrium 
constant for ligand binding using minuscule amounts of pro- 
tein have been developed (16-18). In this work we have shown 
that the ability to perform functional assays with small 
amounts of material can be exploited to develop highly effi- 
cient, in vitro methodologies for the saturation mutagenesis of 
antibodies. We have bypassed all time-consuming cloning steps 
by combining PCR mutagenesis with coupled in vitro tran- 
scription/translation for the high throughput generation of 
protein mutants. Here, the PCR products are used directly as 
the template for the in vitro transcription/translation of the 
mutant single chain antibodies. Because of the high efficiency 
with which all 19 amino acid substitutions can be generated and 
analyzed in this way, it is now possible to perform saturation 
mutagenesis on numerous residues of interest, a process that 
can be described as in vitro scanning saturation mutagenesis. 

A high-affinity anti-digoxin single chain Fv (scFv(Dig)) (19) 
derived from the well-studied anti-digoxin 26-10 murine 
monoclonal antibody (20) was selected as a model system for 
our studies. Digoxin and related cardiac glycosides consist of 
a 5j3,14j3-steroid body, linked to an 0£,j3-unsaturated lactone at 
C17 and an O-linked carbohydrate at position 3. The 26-10 
antibody binds to the cardiac glycosides digoxin, digitoxin, and 
digoxigenin with high-affinity (K z « 9 X 10 9 M _1 ) and with a 
42-fold lower affinity to ouabain (21). The three-dimensional 
structure of the 26-10 Fab complexed with digoxin (22) reveals 
that the 3'-tridigitoxose is exposed to the solvent, whereas the 
lactone ring is fully buried at the bottom edge of the binding 
site (Fig. 1). Unlike other antibody-nantigen complexes (23), 
binding does not appear to cause detectable conformational 
changes of either the antibody or the hapten. Both affinity and 
specificity are derived entirely from shape complementarity, 
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Digoxln Sugars H CH 3 H OH H 

DlgKoxln Sugars H CH 3 H H H 

Digoxigenln H H CH 3 H OH H 

Ouabain Sugar OH CH 2 OH OH H OH 



Fig. 1. (a) Computer model showing bound digoxin and 10 
residues that define the 26-10 binding pocket. This figure was gen- 
erated using Quanta charmm software (Micron Separations) using the 
coordinates of Jeffery et al (22). (b) Structures of digoxin and the 
three analogs used in these studies. 

since no hydrogen bonds have been identified between digoxin 
and the antibody. 

In vitro scanning saturation mutagenesis was used to analyze 
the role and plasticity of six key contact residues in the 
scFv(Dig). The relative affinities of a total of 114 mutant 
antibodies for digoxin, digitoxin, digoxigenin, and ouabain 
were determined resulting in the generation of a comprehen- 
sive data base of 456 relative affinity values. 

MATERIALS AND METHODS 

Taq polymerase was purchased from Promega, dNTPs from 
Pharmacia, and oligonucleotide primers from Midland Certi- 
fied Reagent (Midland, TX). Pyruvate kinase, tRNA, and 
nucleotide triphosphates were obtained from Boehringer 
Mannheim. Digoxin and digitoxin were purchased from Sigma. 

PCR Mutagenesis. Mutations in the scFv(digoxin) antibody 
were generated by the overlapping PCR method (24-26). 
Briefly, the plasmid pET25b(scFv(Dig)) (27) was used as a 
template for PCR. For the first round PCR, a 2-kb Ndel-Pvul 
fragment from pET25b(scFv(Dig)) was used as the 3' tem- 
plate, whereas a 4-kb Xhol-Pvul fragment was used as the 5' 
template. The restriction fragments were isolated on an aga- 
rose gel to eliminate the possibility that any contaminating 
full-length, wild-type scFv(Dig) construct was present. A list of 



the primers used for the first and second PCR steps is available 
upon request from the authors. First round PCR was carried 
out in 50 mM KC1, 10 mM TrisHCl (pH 9.0) at 25°C/0.1% 
Triton X-100, 0.2 mM dNTPs, 2.5 units Taq polymerase 
(Promega), 0.6 jxM each of the two primers, and 0.05 fig 
template in 100 fil total volume. Amplification was carried out 
using the following sequence: one cycle at 94°C for 2 min; 29 
cycles consisting of 94°C for 1 min, 55°C 2 min, and 72°C for 
3 min; one cycle of 94°C for 1 min, 55°C for 2 min, and 72°C 
for 10 min. The PCR products from the first round were 
gel-purified and used, together with outside primers, in the 
overlap extension PCR reaction. For this round of PCR, the 
mix contained 50 mM KC1, 10 mM TrisHCl (pH 9.0) at 
25°C/0.1% Triton X-100, 0.2 mM dNTPs, 2.5 units Taq 
polymerase (Promega), 0.6 /iM each of the two primers, and 
0.05 ftg each of both the 5' template and the 3' template in 100 
yA total volume. The amplification sequence for the overlap 
extension reaction was the same as for the first round reactions 
except that the annealing temperature for the first five cycles 
was set between 48°C and 55°C, depending on the melting 
temperature of overlapping sequence. The PCR products were 
ethanol precipitated and the pellets were resuspended in 100 
/il of water. 

In Vitro Transcription/Translation. In vitro protein synthesis 
using an Escherichia coli coupled transcription/ translation system 
was carried out essentially as described (28). 17 RNA polymerase 
and S30 E. coli extract for coupled transcription/translation were 
prepared using standard procedures (28, 29). The coupled tran- 
scription/translation reactions were carried out in 30 /d total 
volume and the reaction mix contained the following: 55 mM Tris 
acetate (pH 7.8), 2 mM DTT, 1.2 mM ATP, 0.8 mM CTP, 0.8 
mM GTP, 0.8 mM UTP, 2% polyethylene glycol (M r , 8000), 27 
mM phosphoewo/pyruvate, 0.4 mM cAMP, 35 jig/ml folinic acid, 
30 mM ammonium acetate, 72 mM KOAc, 1.5 mM Ca(OAc)2, 
0.35 mM of each amino acid, 0.5 mM EDTA, 03 mM glucose 
6-phosphate, 2 /tg T7 RNA polymerase, 0.4 jig pyruvate kinase, 
20 Mg tRNA, 5 ftg rifampicin, 13.3 mM Mg(OAc) 2 , and 5 /d of 
E. coli S30 fraction. Reactions were initiated by adding 0.5 jmg of 
the DNA produced by overlap extension in 7 /d. For radiolabeling 
of the protein synthesis products 0.083 mM of 35 S-methionine 
(1175 Ci/mmol, 1 Ci = 37 GBq; New England Nuclear), was 
added to the reaction mix. Reactions were incubated for 25 min 
at 37°C with gentle shaking and were stopped by placing on ice. 

General Procedures. SDS/PAGE was carried out in 15% 
polyacrylamide gels (30). Overlap extension PCR products 
were sequenced by the dideoxy sequencing method. Repre- 
sentative PCR products were also sequenced following sub- 
cloning into pET25b(scFv(Dig)). The digoxin-BSA, digitoxin- 
BS A, and ouabain-BSA conjugates used in the ELISA analysis 
were prepared via oxidation of the terminal sugar residues with 
NaI04 followed by covalent attachment to BSA through 
reductive amination in the presence of NaBRi (31). The 
digoxigenin-BSA conjugate was prepared from a direct reac- 
tion between BSA and 3-aminodeoxydigoxigenin hemisuccin- 
imide (Molecular Probes) according to the manufacturer's 
instructions. 

ELISA Antibody capture ELISA was performed using 
standard procedures (32), using 1% (wt/vol) boiled powdered 
milk (Carnation) as the blocking agent. The plates were 
washed three times and were developed with the colorimetric 
horseradish peroxidase substrate 2,2'-azine-bis(3-ethylbenzo- 
thiazoline)-6-sulfonic acid diammonium salt (ABTS) (Pierce). 
The absorbance of each well of the ELISA plates was measured 
at 405 nm on a microplate autoreader when the ABTS reaction 
was still in the linear range, a fact that was confirmed by taking 
several time points per plate. For each cardiac glycoside being 
investigated (digoxin, digitoxin, digoxigenin, ouabain) the 
absorbances for each mutant were linearly scaled to that of the 
wild-type scFv(Dig), which was assigned a value of 1.0, then 
plotted in the histograms of Fig. 2. Wild-type scFv(Dig) was 
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Fig. 2. Histograms of the ELISA data for the different mutant proteins binding to digoxin, digi toxin, digoxigenin, and ouabain. (A) Mutations 
of residue H:iyr-33. (B) Mutations of residue H:Asn-35. (C) Mutations of residue H:iyi-50. (D) Mutations of residue H:Trp-100. (E) Mutations 
of residue L: Val-94. (F) Mutations of residue L:Pro-96. The plotted values correspond to the absorbance observed in ELISA measured at 405 nm 
on a microplate autoreader when the ABTS reaction was still in the linear range, a fact that was confirmed by taking several time points per plate. 
For each cardiac glycoside being investigated (digoxin, digitoxin, digoxigenin, ouabain) the absorbances for each mutant were linearly scaled to 
that of the wild-type scFv(Dig), which was assigned a value of 1.0, then plotted in the histograms. Wild-type scFv(Dig) was included on every ELISA 
plate to provide an internal calibration of the data. 



included on every ELISA plate to provide an internal calibra- 
tion for results obtained on different plates. A comprehensive 
numerical table of the scaled ELISA data is available upon 
request from the authors. 



RESULTS 

Our initial in vitro scanning saturation mutagenesis studies 
were performed on six residues that help define the interior of 
the anti-digoxin 26-10 antibody binding pocket (22). The 
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single chain Fv form (scFv(Dig)) of the 26-10 antibody was 
used (19, 27, 33), since the presence of only one polypeptide 
chain eliminates chain association difficulties that are possible 
with Fab antibodies. The six chosen 26-10 residues consisted 
of three aromatic residues that define the largely hydrophobic 
walls of the binding pocket and thereby make extensive Van 
der Waals contact with hapten (heavy chain residues H:Tyr-33, 
H:iyr-50, and H:Trp-100), a residue that forms hydrogen 
bonds with contact residues and therefore is presumably of 
importance in maintaining the architecture of the binding 
pocket (H:Asn-35) and, finally, two residues that define the 
bottom of the binding pocket (light chain residues L:Val-94 
and L:Pro-96). 

For each chosen residue, 21 genes encoding all possible 
amino acid substitutions, as well as a double stop codon 
(control), were constructed by overlap extension PCR. All 
amino acid substitutions were encoded by E. coli preferred 
codons. To eliminate the possibility of contamination with 
wild-type template, the 3' and 5' fragments in the first round 
PCR were amplified from the respective gel purified restriction 
fragments as described in Materials and Methods. The final 
products of the overlap extension PCR reaction contain a 17 
promoter and ribosome binding site in front of the scFv(Dig) 
gene. A herpes simplex virus sequence is also present at the 
end of the scFv(Dig) gene, so that the scFv(Dig) protein can 
be detected by ELISA using an anti-herpes simplex virus 
sequence monoclonal antibody. 

The PCR overlap extension products were used as templates 
for coupled in vitro transcription/translation reactions to pro- 
duce functional scFv(Dig) proteins. The same amount of 
template was used for each coupled in vitro transcription/ 
translation reaction. An E. coli S30 ribosomal extract, as 
opposed to mammalian or plant cell extracts, was used for in 
vitro translation because the bacterial system has the significant 
advantage of eliminating the need to cap the message. The 
reactions were run on a 30 /il scale for 25 min at 37°C. 
Preliminary experiments established that the reaction is com- 
pleted after 25 min (29). SDS/PAGE autoradiography, West- 
ern blots, and hot trichloroacetic acid precipitation of the 
translation products labeled with [ 35 S]methionine all demon- 
strated that similar concentrations of polypeptide, ^10 nM 
judging from ELISA comparison to an authentic sample of 
wild-type scFv, are produced in the different transcription/ 
translation reactions using the above protocol, irrespective of 
the amino acid substitution (29). 

The protein products from tie coupled in vitro transcrip- 
tion/translation step were analyzed by ELISA. Briefly, 96-well 
microtiter plates were coated with the BSA conjugate of 
digoxin, digitoxin, digoxigenin, or ouabain. The microtiter 
plates were then incubated with equal amounts from each of 
the in vitro synthesis reactions. To provide accurate calibration, 
the construct prepared with the wild-type sequence was used 
on each ELISA plate. It should be noted that the wild-type 
construct was produced by the overlapping PCR method 
alongside the mutants, thereby providing an accurate calibra- 
tion for all stages of the procedure. 

Because of the large number of samples involved in the in 
vitro saturation mutagenesis experiments, several "quality 
control" tests were conducted at key points. Specifically: (i) A 
gel of the PCR products was run prior to the coupled in vitro 
transcription/translation reactions. This analysis confirmed 
that the correct size products had been produced and also 
enabled determination of the amount of amplified DNA 
template to be used in the in vitro protein synthesis step, (ii) 
p 5 S]Methionine was added to the translation mixture and the 
protein products were analyzed by SDS/PAGE and autora- 
diography. Western blots were also used to analyze the protein 
products, using an anti-herpes simplex virus monoclonal an- 
tibody for detection. Protein products of the appropriate 
length and in similar quantities were observed for the different 



reactions. (Hi) As mentioned previously, a control reaction that 
places two adjacent stop codons at the position being mu- 
tagenized was carried out every time. Two adjacent stop 
codons were used to eliminate possible readthrough. Autora- 
diography of the in vitro protein synthesis products confirmed 
that only truncated polypeptides of the anticipated molecular 
weight were detected in these control reactions. The truncated 
scFv(Dig) polypeptides generated by stop codon insertion 
exhibit no hapten binding and were thus used to establish the 
baseline in the ELISA assays, (iv) For each residue, the entire 
process was carried out in at least two independent runs to 
verify the reproducibility of the results. In addition, each 
ELISA was run in duplicate. Using the protocols described, the 
reproducibility of the data was excellent with absorbance 
values >20% of wild-type, varying by no more than ±5% 
between experiments (performed by different investigators). 
ELISA values lower than 20% of wild type exhibited a greater 
degree of variability, presumably because of the lower signal- 
to-noise ratio. A low or absent ELISA signal means that the 
off-rate is too fast for the scFv(Dig) mutants to remain bound 
to a significant extent during the incubations and washing 
steps, but does not necessarily imply complete loss of binding. 

The ELISA results for the different mutants binding to 
digoxin and the three analogs (456 relative affinity values in 
all) are plotted as histograms in Fig. 2. All absorbance values 
are normalized to the wild-type construct to allow for direct 
comparisons. Schildbach et al (21) have reported that the 
relative digoxurdigitoxin, digoxin: digoxigenin, and digoxin 
:ouabain affinities are 2:1, 1:1, and 42:1, respectively. There- 
fore, the relative ELISA values for the different cardiac 
glycosides in Fig. 2A—F must be scaled accordingly before any 
direct comparisons are made. 

DISCUSSION 

A striking feature of the data shown in Fig. 2 is that 86 of the 
114 substitutions in residues H:Tyr-33, H:Asn-35, H:Tyr-50, 
H:Trp-100, L:Val-94, or L:Pro-96 result in significant (>15% 
of wild-type) recognition and binding to one or more of the 
digoxin analogs. The large number of amino acid substitutions 
that can be tolerated is highly indicative of the plasticity of the 
antigen binding site. Other studies have also indicated that 
single amino acid mutations in the complementarity deter- 
mining regions generally do not abolish binding to haptens (6, 
7). Chen and colleagues have suggested that the abibty of 
antibody genes to tolerate single amino acid mutations is of 
significance for somatic hypermutation because it allows mu- 
tated B lymphocytes to remain functional while undergoing 
further affinity maturation (6). 

None of the amino acid replacements of L: Val-94 abolishes 
antigen binding. This result is probably related to the fact that 
in the crystal structure the side chain of L: Val-94 does not 
directly contact digoxin (22). Several substitutions at L:94 gave 
a higher absorbance reading in the ELISA assays compared 
with wild-type valine. A higher ELISA signal can result either 
from improved binding affinity, more efficient folding, or 
avidity effects due to dimerization. The latter is not likely in 
this case because the scFv(Dig) concentrations produced by in 
vitro translation are low, making dimerization highly unfavor- 
able. It is not possible to distinguish from the ELISA alone 
between mutants that fold more efficiently and those having a 
higher affinity for the hapten. Nevertheless, it is noteworthy 
that in the case of L: Val-94 mutants, the highest absorbance 
values (Fig. 2E) were observed with aromatic amino acid 
substitutions that should result in a larger hapten contact area. 
Hydrophobic substitutions such as L:Val-94-Phe, L:Val-94- 
Trp, or L:Val-94-iyr could presumably improve digoxin bind- 
ing relative to the wild-type scFv(Dig) antibody by making 
additional Van der Waals contacts. Regardless of the detailed 
explanation, our results emphasize that not all residues are 
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optimized in even high-affinity antibodies such as 26-10, and 
that the absence of close contact with the hapten confers 
higher plasticity, i.e., the ability to tolerate a wider range of 
substitutions without compromising binding. 

High-affinity scFv(Dig) mutants selected by fluorescence- 
activated cell sorting from a library displayed on the surface of 
E. coli (33) had predominantly aromatic substitutions at 
L:Val-94 (P. Daugherty, G.C., B.L.I., and G.G., unpublished 
work). The high representation of aromatic residues in clones 
selected from a library is consistent with the increased hapten 
binding data of the respective in vitro synthesized clones. 

For the three heavy chain aromatic residues that make 
substantial Van der Waals contacts with bound digoxin, 
H:Tyr-33, H:iyr-50, and H:Trp-100, conservative changes to 
any of the other aromatic amino acids largely retained or 
slightly improved the ELISA signal and there was little effect 
on specificity. The smaller, more polar histidine was tolerated 
noticeably less well than the other aromatic amino acids, 
supporting the notion that hydrophobic contact surface area is 
important in these positions. Methionine retained substantial 
activity in all three cases, a fact that is consistent with a ranking 
of this amino acid close to the large aromatic amino acids in 
both size and hydrophobicity indices (34). However, it is 
important to note that large aromatic amino acids are not 
essential for binding at any one of the positions (H:33, H:50, 
or H:100). Substitution of Asn for H:iyr-50 or H:Trp-100 had 
only a slight effect on digoxin binding, but diminished activity 
was observed when substituted for H:Tyr-33. Somewhat sur- 
prisingly, the positively charged residues lysine and arginine 
retained partial and full digoxin binding activity, respectively, 
when substituted for H:Trp-100. It is noteworthy that the 
highest affinity mutant isolated from a heavy chain library in 
which H:Trp-100 was mutagenized also had an arginine at 
H:100 (P. Daugherty, unpublished work). 

Our results with H:Asn-35 are consistent with this residue 
playing largely a structural role in the scFv(Dig) binding pocket 
owing to specific hydrogen bonds to H:Tyr-47, as well as the 
H:Ser-95 that were identified in the crystal structure of 26-10 
(22). The most active replacements for H:Asn-35, namely 
H:Asn-35Gln and H:Asn 35 Ser, have side chains that also can 
potentially take part in hydrogen bonding. 

In general, digoxigenin binding correlated with digoxin 
binding, a fact that is consistent with the minimal role that the 
sugar moieties appear to play in the binding of digoxin by the 
26-10 antibody (22). Moreover, out of the 114 mutants 
examined, none displayed significantly enhanced affinity for 
ouabain relative to the other derivatives. Ouabain is larger than 
the other cardiac glycosides examined and is not accommo- 
dated as well in the binding pocket of 26-10 as evidenced by 
the lower affinity (21). Therefore, an increase in ouabain 
specificity relative to digoxin should require extensive alter- 
ations of the binding site that are not feasible within the 
context of single amino acid substitutions. On the other hand, 
a significant change in specificity for digi toxin versus digoxin 
was observed with certain mutants. For example, L:Pro-96-Tyr 
or especially L:Pro-96-Phe mutants exhibit binding to digitoxin 
comparable to wild-type scFv(Dig), whereas binding to digoxin 
was substantially diminished. The crystal structure (22) indi- 
cates that L:Pro-96 is adjacent to the C12 hydroxyl of digoxin, 
which is absent in digitoxin (Fig. 1). Computer modeling 
suggests that side chains having smaller volume are capable of 
accommodating both digoxin and digitoxin. However, digoxin 
binding is sterically hindered by the larger side chains of 
L:Pro-96-Phe or L:Pro-96-Tyr, whereas digitoxin binding is 
not. In agreement with this explanation, the other two mole- 
cules with hydroxyl groups at C12, namely ouabain and 
digoxigenin, also exhibit no binding with the L:Pro-96-Phe and 
L:Pro-96-Tyr mutants. In the case of L:Pro-96-Trp it appears 
that the indole ring of tryptophan abolishes binding to any of 
the haptens either because it causes a large perturbation in the 



binding pocket or it is simply too large to accommodate even 
the C12 hydrogen of digitoxin. 

Mutants are also observed that retain high affinity for 
digoxin, while exhibiting substantially decreased binding to 
digitoxin. Noteworthy examples include several mutants of 
H:Tyr-33, such as H:Tyr-33-Ile or H:Tyr-33-Asn, and espe- 
cially H:Tyr-50-Asn. It is unclear from the crystal structure 
why these residues, which are far from the C12 position of 
bound digoxin, have such a strong influence on the specificity 
of digoxin versus digitoxin binding. 

There is excellent agreement between the values for relative 
affinities and specificities for the different digoxin mutants in 
the literature (12, 21, 35, 36) and the data in Fig. 2. For 
example, Schildbach et al. (21) prepared and analyzed several 
H:Tyr-50 mutants of the 26-10 IgG. The relative order of 
digoxin affinities measured by Schildbach et al. listed from 
highest to lowest affinity, for the different H:Tyr-50 mutants 
was as follows: H:Tyr-50 (wild type) ~ H:Tyr-50-Trp ~ 
H:Tyr-50-Phe > H:Tyr-50-Asn > H:Tyr-50-His > H:Tyr-50- 
Leu > H:Tyr-50-Ala > H:Tyr-50-Gly and H:Tyr-50-Asp (34). 
The H:Tyr-50-Asn and H:Tyr-50-Asp mutants were reported 
to have increased specificity in favor of digoxin over digitoxin 
binding. Similarly, Near et al (36) produced and measured the 
relative affinities for certain H:Asn-35 mutants. The reported 
order of affinities are H:Asn-35 (wild type) > H:Asn-35-Gln > 
H:Asn-35-Val > H:Asn-35-Thr > H:Asn-35-Leu > H:Asn- 
35-Ala and H:Asn-35-Asp (36). Comparison of these data with 
Fig. 2 reveals good agreement with our ELISA results. Such 
agreement indicates that the folding efficiencies for the dif- 
ferent scFv(Dig) mutants in our experiments, at least those 
mentioned above, must be comparable so that the ELISA 
signals reflect primarily the relative affinities of the different 
mutants. Moreover, it underscores the validity of our meth- 
odology for the rapid generation and characterization of 
mutant antibodies. Finally, comparison of the literature values 
for the lower affinity mutants and our ELISA measurements 
place an approximate limit of between 10 6 and 10 7 M _1 for the 
lowest affinity observable in our ELISAs. 

It is possible that as in vitro scanning saturation mutagenesis 
is applied to other proteins, or even perhaps other residues of 
scFv(Dig), there will be instances where certain mutations may 
affect the concentration of correctly folded protein obtained 
by in vitro transcription/translation, thereby prohibiting the 
interpretation of the ELISA results solely on the basis of 
antigen affinity. Even in the case when an ELISA signal does 
not indicate a difference in affinity, ELISA readings substan- 
tially higher than wild-type are of interest since they identify 
residues that facilitate higher levels of expression or correct 
folding, critical issues in the large scale expression of scFv 
antibodies for practical purposes. 

As we have demonstrated in this report, in vitro scanning 
saturation mutagenesis provides a rapid method for obtaining 
a large amount of structure-function information including: (/) 
identification of residues that modulate ligand binding speci- 
ficity, («) a better understanding of ligand binding based on the 
identification of those amino acids that retain activity and 
those that abolish activity at a given location, (hi) an evaluation 
of the overall plasticity of an active site or protein subdomain, 
((V) identification of amino acid substitutions that result in 
increased binding. 

The in vitro saturation mutagenesis of one residue can be 
completed in duplicate within a week by a single investigator. 
In addition, several of the steps are amenable to robotic 
automation, which could increase the throughput of mutants 
studied even further. In vitro scanning saturation mutagenesis 
should prove particularly valuable for protein engineering 
studies, even with enzymes when coupled to a catalytic assay, 
as a rapid way of identifying mutants with interesting proper- 
ties that can then be produced in bacteria and subjected to 
more detailed structural and functional characterization. In 
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addition, in vitro scanning saturation mutagenesis represents a 
systematic new tool for exploring in vitro antibody affinity 
evolution, analogous to somatic hypermutation in vivo. In 
particular, interesting single mutants could be used as a 
starting point for subsequent rounds of saturation mutagene- 
sis, so that multiple mutations with additive effects on binding 
could be identified. This same sequential mutation approach 
should be useful with other types of proteins, so that attributes 
such as expression level, folding ability, catalytic rate or 
substrate specificity could be modulated in a systematic way. 
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Chapter 2 

Amino acids are the basic structural units of proteins. An amino INTRODUCTION TO PROTEINS 

acid consists of an amino group, a carboxyl group, a hydrogen 
atom, and a distinctive R group bonded to a carbon atom, which is 
called the a-carbon (Figure 2-5). An R group is referred to as a side 
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Structure of the un-ionized and zwitterion forms of an amino acid. 



chain for reasons that will be evident shordy. Amino acids in solu- 
tion at neutral pH are predominantly dipolar ions (or zwitterions) 
rather than un-ionized molecules. In the dipolar form of an amino 
acid, the amino group is protonated (— NH 3 + ) and the carboxyl 
group is dissociated ( — GOO**). The ionization state of an amino 
acid varies with pH (Figure 2-6). In acid solution (e.g., pH 1), the 
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Ionization states of an amino acid as a function of pH. 




carboxyl group is un-ionized ( — COOH) and the amino group is 
ionized ( — NH 3 + ). In alkaline solution (e,g., pH 11), the carboxyl 
group is ionized ( — GOO") and the amino group is un-ionized 
( — NH 2 ). The concept of pH and the acid-base properties of amino 
acids are discussed further in the Appendix to this chapter. 

The tetrahedral array of four different groups about the a-carbon 
atom confers optical activity on amino acids. The two mirror-image 
forms are called the L-isomer and the D-isomer (Figure 2-7). Only 
i*-amino acids are constituents of proteins. Hence, the designation of the 
optical isomer will be omitted and the L-isomer implied in discus- 
sions of proteins herein, unless otherwise noted. 

Twenty kinds of side chains varying in size, shape, charge, hydrogen- 
bonding capacity, and chemical reactivity are commonly found in pro- 
teins. Indeed, all proteins in all species, from bacteria to humans, 
are constructed from the same set of twenty amino acids. This fun- 




L-lsomer 




o-lsomer 

Figure 2-7 

Absolute configurations of the 
l- and D-isomers of amino acids. 



The side chains of the amino acids mentioned so far are un- 15 
charged at physiological pH. We turn now to some charged side Chapter 2 

chains. Lysine and arginine are positively charged at neutral pH, INTRODUCTION TO PROTEINS 

whereas whether histidine is positively charged or neutral depends 
on its local environment. These basic amino acids are shown in 
Figure 2-12. The negatively charged side chains are those of glu- 
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Lysine, arginine, and histidine have basic side chains. 



tamic acid and aspartic acid (Figure 2-13). These amino acids will 
be called glutamate and aspartate to emphasize the fact that they 
are negatively charged at physiological pH. The uncharged deriva- 
tives of glutamate and aspartate are glutamine and asparagine 
(Figure 2-14), each of which contains a terminal amide group 
rather than a carboxylate. Finally, there are two amino acids whose 
side chains contain a sulfur atom: methionine and cysteine (Figure 
2*15). As will be discussed shortly, cysteine plays a special role in 
some proteins by forming disulfide cross-links. 
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Aspartate and glutamate have 
acidic side chains. 
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Part I 

CONFORMATION AND DYNAMICS 



damental alphabet of proteins is at least two billion years old. The 
remarkable range of functions mediated by proteins results from 
the diversity and versatility of these twenty kinds of building 
blocks. In subsequent chapters, we will explore ways in which this 
alphabet is used to create the intricate three-dimensional structures 
that enable proteins to participate in so many biological processes. 

Let us look at this repertoire of amino acids. The simplest one is 
glycine, which contains a hydrogen atom as its side chain (Figure 
2-8). Alanine has a methyl group as its side chain. The other amino 
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Proline differs from the other common 
amino acids in that it has a secondary 
amino group. 



coo- 

I 

'•rf,N — (fc — H 
H— ^— OH 

H 



COO 
I 

f 

Ht-C — OH 



h H 5 N— C— H 



Threonine 
(Thr) 



Serine 
(Ser) 

Figure 2-10 

Serine and threonine have aliphatic 
hydroxyl side chains. 



Figure 2-8 

Amino acids having aliphatic side chains* 



acids that have hydrocarbon side chains are valine, leucine, isoleu- 
cine, and proline. However, proline differs from the other amino 
acids in the basic set of twenty in that it contains a secondary rather 
than a primary amino group (Figure 2-9). Stricdy speaking, proline 
is an imino acid rather than an amino acid The side chain of 
proline is bonded to both the amino group and the a-carbon, which 
results in a cyclic structure. 

Two amino acids, serine and threonine, contain aliphatic hy- 
droxyl groups (Figure 2-10)- 

There are three common aromatic amino acids: phenylalanine, 
tyrosine, and tryptophan (Figure 2-11). 



coo- 

1 

+H 3 N— C— H 




l "H a N — C — H 





Phenylalanine Tyrosine Tryptophan 

(Rie) (Tyr) (Trp> 

Figure 2-1 1 

Phenylalanine, tyrosine, and tryptophan have aromatic side chains* 
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